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ABSTRACT 
 
I. Multicatalysis: Development of a BiOTf3-catalyzed Nucleophilic 
Addition/Hydrofunctionalization Reaction in the Synthesis of Complex 
Heterocycles 
 
II. C–H Arylation of Heteroarenes: Mapping the Mechanism of Palladium-
Carboxylate Catalyzed Direct Arylation Reactions 
 
Rachel E. Tundel 
 
Chapter 1. 
One of the major drawbacks to traditional syntheses is the requirement for 
iterative synthesis, which is not only chemically inefficient and time-consuming, 
but environmentally unfriendly due to waste generated during purification 
procedures. A way to circumvent problems posed by iterative synthesis is 
through the development of multicatalytic protocols, in which multiple, distinct 
synthetic steps can be performed in one reaction pot. Saturated 5-membered 
oxygen- and nitrogen-containing heterocycles are extremely common structural 
motifs in many biologically important molecules—a multicatalytic synthetic 
strategy for their syntheses would be of incredible use. To that end, a bismuth(III) 
triflate-catalyzed hydroalkoxylation procedure was developed for the synthesis of 
substituted tetrahydrofurans. This operationally simple method successfully 
generated complex tetrahyrofurans in moderate to good diastereoselectivity with 
good functional group tolerance. An analogous hydroamination of non-basic N-
tosyl amines was also developed and featured similar levels of 
diastereoselectivity and functional group compatibility. The methodology was part 
of a multicatalytic strategy combining nucleophilic additions to aliphatic aldehydes 
and N-tosyl imines to quickly generate complex 5-membered heterocycles in 
moderate to good diastereoselectivity. 
Chapter 2. 
The palladium-pivalate catalytic system has emerged as one of the most efficient 
and general catalysts for the C–H arylation of arenes and heteroarenes with 
haloarene donors. Despite the importance of this class of catalytic reactions, the 
mechanistic understanding is limited by the lack of direct experimental evidence, 
especially in the context of Lewis basic heteroarene substrates.  To address this 
problem, we chose the catalytic C–H arylation of 2-methylthiazole as a 
representative reaction for a detailed mechanistic study. Direct kinetic evidence 
was provided for the involvement of a palladium(II) pivalate species in the C–H 
arylation of heteroarenes by identifying the resting state of the catalyst - complex 
2a [(Cy3P)(2-methylthiazole)Pd(Ph)(OPiv)] - and examining its reactivity. The 
pivalate ligand, in comparison to acetate, does not yield faster rates of C–H 
activation, but instead stabilizes the resting state of the catalyst against 
decomposition to inactive palladium species. An experimentally supported 
rationale for the superiority of the palladium(II) pivalate system in C–H arylation 




The choice of phosphine ligand is an incredibly important aspect of catalyst 
design in many metal-catalyzed transformations, including direct arylations and 
cross-couplings. A relatively unexplored area of study was the effect of the 
phosphine ligand on the C–H metalation step of palladium-catalyzed direct 
arylation reactions. Through our studies and related studies in the literature, we 
can conclude that the phosphine ligand is generally deactivating toward 
deprotonative metalation (CMD/EMD) pathways, however the phosphine ligand is 
necessary in the C5 arylation of triazole and C2 arylation of thiazole, as well as 
substituted pyridines. In the case of azoles, arylation probably proceeds via a 
mechanism different to that of C5 arylations; the phosphine ligand stabilizes 
catalytic intermediates, affording efficient C2 arylation of azoles. In the case of 
pyridine, the major issue is that of catalyst decomposition; in approaching 
catalyst design, one must balance tuning of the reactivity of the palladium 
catalyst toward C–H metalation versus protecting the catalyst during prolonged 
reaction times and high reaction temperatures. Two common ligands in palladium 
catalysis, Cy3P and t-Bu3P, were directly compared in terms of their interaction 
with basic substrates. While complexes ligated to a single Cy3P ligand were able 
to accommodate basic heteroarenes in the palladium coordination sphere, 
complexes with the bulkier t-Bu3P ligand behaved very differently, which could 




Heteroaromatic substrates have typically provided challenges for the 
development of direct arylation protocols. However, how the properties of the 
substrate affect the rate-limiting metalation step of palladium-catalyzed direct 
arylation reactions  was mostly unknown. Thus, we correlated the rates of C–H 
metalation of azoles and substituted pyridines with various intrinsic properties of 
heterocycles, such as aromaticity, and pKa. It was found that for the C5 arylation 
of azoles, a stronger correlation on the rate of metalation with pKa was observed. 
Degree of aromaticity appears to have little correlation with the rates of C–H 
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I.1. Multicatalysis in Organic Synthesis 
 One of the greatest challenges in the synthesis of complex organic molecules is 
overcoming synthetic limitations imposed by the reliance on iterative synthetic strategies. 
Traditionally, syntheses are carried out with sequential single-pot strategies that result in 
inefficiencies in time, as well as waste of materials. Moreover, single-
transformation/single-pot syntheses result in lower yields and increases in production 
time due to the requirement for purification procedures between synthetic steps that are 
often expensive, environmentally-unfriendly and time-consuming. Performing multiple 
catalytic reactions in one reaction pot would not only streamline syntheses, but also 
provide new platforms for organic reaction discovery. 
 
 Synthetic chemists have circumvented problems with traditional, iterative 
syntheses through the development of multicatalytic protocols.1 In these approaches, 
multiple, distinct catalytic steps are performed in a single, one-pot operation. These 
reactions can be run in tandem (all reagents are in a single pot at one time) or 
sequentially (reagents are added over the course of the reaction), in one pot. Both 
strategies ultimately eliminate many of the problems created by iterative synthesis and 
have seen great utility in complex organic synthesis. 
Tandem reactions can involve a single catalyst that performs two or more distinct 
transformations or multiple catalysts that function cooperatively to generate complex 












organic products. One powerful example by the MacMillan group generates two 
stereocenters in a single step with a single catalyst from simple starting materials 
(Scheme 2A).2 Other protocols involve the use of two distinct catalysts that function 
cooperatively to generate complex products, such as in an example by Jeong et al 
(Scheme 2B). Palladium and rhodium catalysts are able to work in tandem in the 
sequential Tsuji alkylation/Pauson-Khand type reaction to generate bicyclopentenones.3 
 
Sequential multicatalytic syntheses involve multiple reactions in one pot, in which 
additional reagents are added or other alterations to the reaction conditions are made 
after each synthetic step. In 2010, Lambert reported a multicatalytic 
aminocarbonylation/Friedel Crafts reaction sequence that generates substituted 
piperidines in great yields and diastereoselectivities (Scheme 3).4 The first 





aminocarbonylation step in the sequence generates an acyl chloride, which then 
undergoes an indium triflate-catalyzed Friedel-Crafts raction with electron-rich benzene 
derivatives. 
  
In addition to providing practical advantages to iterative syntheses, multicatalysis 
can offer strategic advantages in synthesis; one-pot protocols can allow access to 
unstable intermediates that would not otherwise be able to be utilized due to stability or 
isolation issues. For example, in the tandem conjugate addition/benzoin condensation 
sequence, the intermediate aldehyde is prone to retro-Michael reactions (Scheme 4).5 
Thus, a multicatalytic protocol ensures that only a minimal concentration of the 
intermediate aldehyde would be present before participating in the subsequent benzoin 
condensation. 
Scheme 3. Sequential Multicatalysis 
 




 The Lambert group, in addition to other research groups, has had an interest in 
the use of multicatalytic protocols in the synthesis of diverse and complex structural 
motifs and as a way to discover new synthetic methods. In a single reaction pot, great 
molecular complexity is developed from relatively simple starting materials. One area of 
interest has been the multicatalytic construction of substituted, saturated oxygen- and 
nitrogen-containing heterocycles (Scheme 5), which are found in a wide range of natural 










Scheme 5. Proposed multicatalytic synthesis of saturated oxygen- and nitrogen-
heterocycles 
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I.2. Background for Hydrofunctionalization of Unactivated Olefins 
 Saturated oxygen- and nitrogen- 5-membered heterocycles are found in many 
natural products and other biologically active compounds (Scheme 6). One of the most 
direct methods in which to construct these structural motifs is via the direct 
intramolecular hydrofunctionalization of olefins. In addition to being an atom-economical 
way to construct complex saturated heterocycles, such methods also have the potential 
to afford highly diastereoselective protocols.  
 
Despite the potential utility of hydroalkoxylation/amination strategies, few catalytic 
literature protocols existed involving the functionalization of unactivated olefins (Scheme 
7). Traditionally, hydrofunctionalizations are often carried out in a two-step procedure 
involving electrophilic activation of the olefin (e.g., I2 or PhSeCl), which require the use of 
stoichiometric, toxic reagents.6 Hartwig7 reported a Brønsted acid-catalyzed method 
involving catalytic triflic acid, which is air sensitive and difficult to handle. Expensive 






transition metals such as platinum or gold are known to effect this transformation,8 
however long reaction times are often required with unactivated olefins.   
 
Finally, Lewis acids (e.g., Al(OTf)3 or Sn(OTf)4) are known to catalyze 
hydroalkoxylation reactions.9 It should be noted that there is some evidence to suggest 
that these catalysts can hydrolyze, generating small amounts of triflic acid, so these 
catalysts may, in fact, be operating as Brønsted acids instead. Nevertheless, due to their 
versatile reactivities, these catalysts are great candidates for the development of 










II.1 Development of a Catalytic Hydroalkoxylation Reaction of Unactivated Olefins 
and Application Toward the Multicatalytic Synthesis of Complex Tetrahydrofurans 
In order to develop the less-precedented catalytic intramolecular hydroalkoxylation 
protocol, secondary alcohol 11 was selected for the optimization of the reaction 
conditions. With the knowledge that Lewis acids and transition metals are known to 
promote hydrofunctionalization reactions, several common catalysts were screened 
(Table 1). It was found that Bi(OTf)3 afforded the desired product in high yields within an 
hour (Table 1, entry 1). Fe(OTf)3 was also a successful catalyst, requiring a little over an 
hour for the reaction to go to completion, however it suffers from practical drawbacks in 
that the complex must be generated in situ from FeCl3 and AgOTf (Table 1, entry 3). 
Other metal triflates afforded the desired product (Table 1, entries 4 and 6) with much 
longer reaction times. However other transition metal catalysts resulted in either reduced 
yields (Table 1, entry 5) or no product (Table 1, entry 7).  Triflic acid (5 mol %) provided 
an almost identical yield and d.r. to that of bismuth(III) triflate (Table 1, entry 2), 





After an extensive screening of solvents, it was found that dichloroethane was 
ideal in terms of optimal yields as well as moderate d.r. (Table 1, entry 1). Reactions 
were fastest in polar, non-coordinating solvents, but the reaction also worked well in non-
polar solvents such as hexane, benzene or toluene with longer reaction times. In 
contrast, coordinating solvents with Lewis basic functionalities, such as acetonitrile and 
tetrahydrofuran, afforded much lower yields (Table 1, entries 14-15). 
To further probe the mechanism of the hydroalkoxylation step, the benzyl-
protected pentene-1-ol derivative was synthesized. When this benzyl-protected alkenyl 
Table 1. Screening of the catalyst and solvents for the intramolecular 
hydroalkoxylation of unactivated olefins 
    
General conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) were heated 
at 80 °C for the indicated amount of time. Diastereomeric ratios were determined by GC or 1H 







alcohol was treated with bismuth triflate in various solvents and heated to 60 ºC, 
consumption of the starting material was still observed. Bismuth triflate, upon generation 
of triflic acid, can promote an acid-catalyzed isomerization of the terminal alkene to 
various internal alkenes or decomposition products (Figure 1). When an equivalent of 
triethylamine (relative to bismuth triflate) was added to the reaction mixture with heating, 
no consumption of the starting material was observed. Also in support of a mechanism 
involving carbocation generation was the observation that more polar solvents resulted 
in faster consumption of the starting material. 
 
Bismuth triflate has been demonstrated to be an effective catalyst for a variety of 
transformations.10 It can function as both a Lewis acid and Brønsted acid, as 





Figure 1. Isomerization of benzyl-protected penten-1-ol in various solvents at 60 °C. 
  
11 
benzaldehyde.11 Additionally, bismuth triflate has been employed in the inter- and 
intramolecular hydroamination of 1,3-dienes by Shibata and coworkers.12 In addition to 
showing versatile reactivity, bismuth triflate is air-stable, inexpensive and non-toxic.  
 
 In order to explore the utility of this method, a series of substrates were 
synthesized and subjected to bismuth(III) triflate at 80 ºC in dichloroethane. Simple 
substrates were readily cyclized with modest diastereoselectivities (Table 2, entry 1). 
Attempts to cyclize a substrate with an internal alkene to generate the substituted 
tetrahydropyran ring resulted in primarily the isomerization product tetrahydrofuran 
(Table 2, entry 2), indicating that bismuth triflate may be operating as a Brønsted acid, 
rather than a Lewis acid. Ester functional groups, as well as substitution on the acyclic 
precursor were well tolerated (Table 2, entries 3-5). A tri-substituted tetrahydrofuran 
(Table 2, entry 4) was readily synthesized in good yield with a d.r. of 6.8:1. Interestingly, 
the tertiary alcohol of the natural product terpineol was cyclized to form Eucalyptol, 
another natural product, in moderate yields at 40 ºC in benzene in order to disfavor 
Scheme 8. Catalytic cycle for the Bi(OTf)3-catalyzed intramolecular 
hydroalkoxylation of unactivated olefins 
 




competing elimination reactions (Table 2, entry 6). Tertiary alcohols are traditionally not 
good substrates for hydroalkoxylation due to their tendency to undergo elimination.  
 
 
With a robust method for the bismuth triflate-catalyzed intramolecular 
hydroalkoxylation of unactivated alkenes in hand, we next worked on constructing these 
tetrahydrofuran moieties multicatalytically (Scheme 9). As we had successfully 
developed the less-precedented step of our proposed multicatalytic synthesis of 





aGeneral conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) were 
heated at 80 °C for the indicated amount of time. bDiastereomeric ratios were determined by 
GC or 1H NMR analysis. c2-Benzyl-6-methyltetrahydropyran was also isolated in 5% yield. 
dReaction run at 70 ºC. eReaction run at 40 °C in benzene. With Dr. Brendan D. Kelly. 
  
13 
tetrahydrofurans, we next explored Lewis acid-catalyzed nucleophilic additions to 
aliphatic aldehydes. Due to the aforementioned versatile reactivity of bismuth(III) triflate 
as a Lewis or Brønsted acid catalyst, we thought that this compound would also be an 




Scheme 10. Mechanistic picture of the multicatalytic synthesis of tetrahydrofurans. 
  
   
 
 







 Through extensive screenings of reaction conditions, we found that we could, 
indeed, couple nucleophilic additions of TMSCN, various silyl ketene acetals (Dr. Julia M. 
Allen) and allyl trimethylsilane (Dr. Brendan D. Kelly) to pentanal with the subsequent 
hydroalkoxylation step in one reaction pot (Table 3). The addition reactions were 
generally run at –78 or 0 ºC to room temperature, followed by treatment with MeOH to 
cleave the silicon-oxygen bond to generate the free alcohol. The same reaction pot was 
then heated to 80 °C to afford the desired tetrahydrofurans.  
 
Table 3. Bi(OTf)3-Catalyzed Multicatalytic Synthesis of Complex Tetrahydrofuransa 
  
    
aGeneral reaction conditions: 0.1 equiv Bi(OTf)3, 1 equiv substrate in DCE (0.2 M); MeOH 
(1.5 equiv) was added before the hydroalkoxylation reaction. bDiastereomeric ratios were 
determined by GC or 1H NMR analysis. cHydroalkoxylation performed at 120 oC in a sealed 
vial. With Dr. Julia M. Allen and Dr. Brendan D. Kelly. 
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II.2 Development of a Catalytic Hydroamination Reaction of Unactivated Olefins 
and Studies Toward a Multicatalytic Synthesis of Complex Pyrrolidines 
 Due to the ubiquity of saturated nitrogen heterocycles in many natural products 
and biologically active molecules, a protocol to effect the catalytic intramolecular 
hydroamination of unactivated olefins would be of synthetic value. Pioneering work in 
alkene hydroamination has been performed by Hartwig,13 Widenhoefer,14 He15 and 
Shibasaki.12 Primarily, these transformations have relied on the use of early or late 
transition metals, which either suffer from air sensitivity or high cost. A bismuth triflate-
based catalyst would be a cheap, air-stable and non-toxic alternative. 
 Much in the same way as the previous protocol involving the bismuth triflate-
catalyzed addition to aldehydes/hydroalkxoylation of unactivated olefins, a catalyst with 
Lewis and Brønsted acid properties would be useful for the purpose of multicatalytically 
constructing complex pyrrolidines. Due to the ability of bismuth triflate to generate small 
amounts of triflic acid upon exposure (discussed above) to trace amounts of water, we 
pursued the intramolecular hydroamination of unactivated olefins utilizing amines with 
low basicity. We hypothesized that the basicity of the amine would be problematic in a 





Bismuth triflate was successful in effecting the intramolecular hydroamination of 
N-tosylamino pentene 26 in dichloroethane at 70 ºC in 12 h in excellent yield (Table 4). 
This reaction was also successful in hexane and benzene in 12 h with high yields (Table 
4, entries 3-4). The reaction was complete in 6 h in the more polar solvent nitromethane 
(Table 4, entry 1), which is consistent with a mechanism involving the generation of a 
carbocationic intermediate. Coordinating solvents with Lewis basic functionalities were 
much less successful, as observed with the corresponding intramolecular 
hydroalkoxyation reaction described above (Table 4, entries 5-8). These solvents contain 
basic atoms, which could sequester the triflic acid generated in situ from bismuth(III) 
triflate.  
Table 4. Screening of the solvent 
  
General conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) were 





 A major drawback of tosyl amines is the difficulty in their deprotection to the free 
amine. Thus, we synthesized alkenyl amines bearing different protecting groups and 
tested their reactivity toward intramolecular hydroamination. Unfortunately, protecting 
groups that resulted in an amine with higher basicity were not successful. Both CBz- 
(26b) and acetyl (26c)-protected alkenyl amines resulted in no cyclization products upon 
exposure to the reaction conditions (Table 5). Only starting material was observed in the 
1H NMR of the crude material. 
We then turned our focus to finding other protecting groups that would be easier 
to remove, yet not increase the basicity of the amine. We found that nosyl (2-
nitrobenzene sulfonamide) amine 28b also afforded the desired pyrrolidines, albeit in a 
slightly lower yield and d.r. (Table 6, entry 2). Trifluoroacetyl-protected (28c) alkenyl 
amines underwent hydroamination in much lower yields than the nosyl and tosyl-
protected alkenyl amines with a further drop in d.r. Thus, it was determined that tosyl 
groups were ideal for this particular transformation in terms of yield and d.r., but the 




General conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) were 





nosyl group could be a viable alternative if easier removal of the protecting group is 
desired. 
 




General conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) 





We next turned our attention to probing of the substrate scope. N-tosyl 
hexenylamine 30 (Table 7, entry 2) was cyclized to afford the desired 6-membered 
piperidine 31a along with 2-ethylpyrrolidine 31b, which was the result of acid-catalyzed 
isomerization of the alkene, followed by cyclization. Substitution along the backbone of 




aGeneral conditions: 1 equiv substrate, 0.1 equiv Bi(OTf)3, and solvent (0.25 M) were 
heated at 80 °C for the indicated amount of time. bDiastereomeric ratios were 







the alkenyl amine was tolerated, and provided moderate to good d.r.ʼs (Table 7, entries 
3-5, 7-9). Acid-sensitive functional groups were well tolerated (Table 7, entries 4, 8-9).  
 
Due to the success of the previously described aldehyde 
addition/hydroalkoxyation strategy, we sought to develop an analogous method for the 
synthesis of complex pyrrolidines (Scheme 11). Since the bismuth triflate-catalyzed 
hydroamination is limited to N-tosyl or nosyl-amines, the nucleophilic addition reaction to 
an aliphatic N-tosyl aldimine was expored.  
The silyl ketene acetal addition (Table 8, entries 1-2) as well as addition of 
diethylzinc (Table 8, entry 7) to N-tosyl imine 46 were successful, as judged by the 1H 
NMR of the crude material. Unfortunately, the reactivity of aliphatic N-tosyl imines was 
relatively low toward other classes of nucleophiles using our bismuth triflate-catalyzed 
protocol. Nucleophilic additions of TMS-CF3, HP(O)(OMe)2 and N-tosyl-5-bromoindole 
(Table 8, entries 3, 6 and 8) were unsuccessful due to low reactivity with the tosyl imine. 
Nucleophilic additions with MeNO2 and 1-methylindole (Table 8, entries 4 and 9) resulted 
in cleavage of the N-tosyl aldimine to toluenesulfonamide and pentenal. 46 underwent a 
Sakurai allylation with high conversion, but low yield (Table 8, entry 5). The major 
byproduct was p-toluenesulfonamide, which was from imine hydrolysis. 







Next, the multicatalytic reaction was attempted with the most successful 
nucleophilic coupling partners (Table 9). Unfortunately, while the nucleophilic additions 
proceeded, the subsequent cyclizations were not successful, even with the addition of 
MeOH. Prolonged heating resulted in no cyclization products.  
 
Table 8. Nucleophilic addition to N-tosylimines 
 





 In conclusion, a general and efficient hydroalkoxylation protocol has been 
developed and applied to the multicatalytic synthesis of complex tetrahydrofuran 
products. Combining the hydroalkoxylation/nucleophilic addition protocols in one reaction 
pot not only results in great yields of the desired functionalized oxygen heterocycles, but 
in more efficient syntheses. Additionally, the analogous intramolecular hydroamination of 
tosyl amines and unactivated olefins was also developed. The corresponding 
hydroamination/nucleophilic addition protocols were less successful, however with more 
optimization of catalysts and nitrogen protecting groups, the corresponding protocol has 
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V. Experimental Section 
Part A. Abbreviated Terms 
CDCl3 – chloroform  
Nosyl – 2-nitrobenzenesulfonamide 
Tosyl – Toluenesulfonamide 
Part B. General Considerations 
General 
All reactions were performed using oven-dried glassware under an atmosphere 
of dry argon. Non-aqueous reagents were transferred by syringe under argon. 1H and 
13C NMR were recorded in CDCl3 on Bruker DRX-300, DRX-400, and DRX-500 
spectrometers as noted. Data for 1H NMR are reported as follows: chemical shift (! 
ppm), multiplicity (s = singlet, brs = broad singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet), coupling constant (Hz), integration, and assignment. Data for 13C NMR are 
reported in terms of chemical shift. IR spectra were recorded on a Nicolet Avatar 370 
DTGS (Thermo) using NaCl salt plates. High-resolution mass spectra (HRMS) were 
acquired at the Columbia University Mass Spectral Core Facility on a JEOL HX110 mass 
spectrometer using the technique (FAB+ or EI+) as noted. Low- resolution mass spectra 
(MS) were acquired on a JEOL JMS-LCmate liquid chromatography mass spectrometer 
system using CI+ ionization technique. Gas chromatography was performed on an 
Agilent Technologies 6890N gas chromatograph equipped with a Restek 30m 5% 
diphenyl-95% dimethyl polysiloxane capillary column using the following conditions: 40 
°C oven temp, 30 °C/min gradient, 1.0 mL/min flow rate, 11.5 psi. Flash column 
chromatography was performed employing 32-63 µm silica gel (Dynamic Adsorbents 
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Inc). Thin-layer chromatography (TLC) was performed on silica gel 60 F254 plates 
(EMD). 26a,1 26b,2 26c,2 30,1 463 were synthesized according to literature procedure. 
 
Materials 
Diethyl ether, tetrahydrofuran, hexanes, toluene, and methylene chloride (CH2Cl2) 
were dried using a J.C. Meyer solvent purification system. 1,2-Dichloroethane (DCE) and 
nitromethane (MeNO2) were freshly distilled over CaH2 under argon. All other 
commercial reagents were used as provided. 
 
Part C. Synthesis of Starting Materials (yields are unoptimized) 
        
1-phenylhex-5-en-2-ol (11).4 To a stirring solution of oxalyl chloride (1.9 mL, 22.0 mmol) 
in CH2Cl2 (100 mL) at -78 °C was added dropwise a solution of DMSO (2.5 mL, 36.0 
mmol) in CH2Cl2 (10 mL) over 15 min. After 5 min, a solution of pent-4-en-1-ol (2.0 mL, 
20 mmol) in CH2Cl2 (20 mL) was added dropwise over 15 min, and the mixture was 
allowed to stir for an additional 15 min at -78 °C. At this point, NEt3 (13.9 mL, 100.0 
mmol) was added over 5 min, and the mixture was allowed to warm up to room 
temperature. After warming to room temperature, the reaction was diluted with CH2Cl2 
(50 mL). The organic layer was washed with 1 M HCl (2 x 30 mL) and brine (30 mL). The 
combined organic extracts were dried (MgSO4), filtered and concentrated by distilling off 
the CH2Cl2. The residue was used in the next step without further purification. 
To a solution of the crude pent-4-enal (1.5 g, 17.8 mmol) in THF (100 mL) at -78 





over 10 min. This mixture was warmed to room temperature and stirred for an additional 
12 h. The reaction was quenched by the addition of 1 M HCl (30 mL). The layers were 
separated, and the aqueous phase was extracted with diethyl ether (2 x 30 mL). The 
combined organic extracts were washed with brine (2 x 50 mL), dried over MgSO4, 
filtered, and concentrated. The crude residue was purified by silica gel chromatography 
(10% diethyl ether/hexanes) to provide the title compound as a light yellow oil (1.8 g, 
10.4 mmol, 52% yield overall). 1H NMR (400 MHz, CDCl3) ! 7.36-7.22 (m, 5H, ArH), 
5.90- 5.83 (m, 1H, CH=CH2), 5.11-4.99 (m, 2H, CH=CH2), 3.86-3.81 (m, 1H, OCH), 2.86-
2.82 (m, 1H, CH2Ar), 2.71-2.65 (m, 1H, CH2Ar), 2.30-2.16 (m, 2H, CH=CH2CH2), 1.75 (d, 
J = 4.0 Hz, 1H, OH), 1.66-1.61 (m, 2H, CH=CH2CH2CH2). 13C NMR (100 MHz, CDCl3) ! 
138.4, 138.3, 129.4, 128.5, 126.4, 114.8, 72.0, 44.0, 35.7, 30.0. 
 
 
(E)-1-phenylhept-5-en-2-ol (13). Following the above procedure, the title alcohol was 
obtained as a pale yellow oil (3.3 g, 17.3 mmol, 60% yield) from (E)-hex-4-en-1-ol (3.0 g, 
30 mmol). 1H NMR (400 MHz, CDCl3) ! 7.35-7.22 (m, 5H, ArH), 5.50-5.46 (m, 2H, 
CH=CH), 3.86-3.81 (m, 1H, OCH), 2.83 (dd, J = 4.4, 13.5 Hz, 1H, ArCH2), 2.69 (dd, J = 
8.3, 13.5 Hz, 1H, ArCH2), 2.23- 2.12 (m, 2H, CH=CHCH2), 1.73-1.55 (m, 5H, OH, 
CH3CH=CH, CH=CHCH2CH2). 13C NMR (100 MHz, CDCl3) ! 138.5, 130.8, 129.4, 128.4, 
126.3, 125.3, 72.1, 43.9, 36.3, 28.9, 17.9. IR (neat) 3378, 3021, 2937, 2910, 2847, 1491, 
1449, 1078, 959, 750, 701 cm-1. HRMS (FAB+) exact mass calcʼd for C13H19O (MH)+ 








Methyl 1-(but-3-en-1-yl)-2-hydroxycyclopentanecarboxylate (15).5 The title 
compound was prepared following the method of Fallis.6 To a heterogenous mixture of 
methyl-2-oxocyclopentane carboxylate (4.2 g, 29.3 mmol), finely ground K2CO3 (8.1 g, 
58.6 mmol) and sodium iodide (350 mg, 2.3 mmol) in acetone (100 mL) was added 4-
bromo-1-butene (4.8 g, 35.2 mmol). This mixture was stirred vigorously and heated to 65 
°C for 48 h. The reaction was allowed to cool to room temperature and concentrated to 
remove the acetone. The residue was taken up in H2O (30 mL) and EtOAc (30 mL). The 
layers were separated, and the aqueous layer was extracted with EtOAc (3 x 30 mL). 
The combined organics were washed with brine (50 mL), dried (MgSO4), and 
concentrated. The crude residue was purified by silica gel chromatography (10% diethyl 
ether/hexanes) to provide the title compound as a pale yellow oil (4.1 g, 20.9 mmol, 71% 
yield). 1H NMR (300 MHz, CDCl3) ! 5.77-5.71 (m, 1H, CH=CH2), 5.04-4.93 (m, 2H, 
CH=CH2), 3.70 (s, 3H, OCH3), 2.57-1.61 (m, 10H, CH=CH2CH2CH2, COCH2CH2CH2). 
13C NMR (100 MHz, CDCl3) ! 214.6, 171.1, 137.4, 115.0, 60.1, 52.4, 37.8, 32.9, 32.6, 
29.0, 19.5. 
 The "-ketoester (2.0 g, 10.4 mmol) was added to anhydrous methanol (80 mL) at -
10 °C (brine/ice bath). This solution was allowed to stir at -10 °C for 30 min before 
sodium borohydride (786 mg, 20.8 mmol) was added in portions. The reaction was 
allowed to stir at -10 °C for 30 min. At this time, saturated NaHCO3 (80 mL) was added 
to the cold reaction mixture, and this mixture was allowed to stir in the ice bath for 10 






aqueous layer was extracted with EtOAc (2 x 75 mL). The combined organics were 
washed with brine (100 mL), dried (MgSO4) and concentrated to give a crude mixture 
containing a 1.5:1 mixture of diastereomers in favor of the cis-hydroxyl-butenyl 
compound. The crude mixture was purified by silica gel chromatography (2.5% diethyl 
ether/hexanes) to provide the major diastereomer as a pale yellow oil (1.1 g, 5.6 mmol, 
54% yield). Major diastereomer - 1H NMR (400 MHz, CDCl3) ! 5.85-5.73 (m, 1H, 
CH=CH2), 5.04-4.93 (m, 2H, CH=CH2), 4.30 (m, 1H, OCH), 3.69 (s, 3H, OCH3), 2.12-
1.56 (m, 10H, CHCH2CH2, CH2CH2CH2). 13C NMR (100 MHz, CDCl3) ! 177.1, 138.4, 
114.8, 57.2, 52.0, 31.9, 31.0, 30.8, 29.7, 19.8. IR (neat) 3476, 2944, 1721,1449, 1197, 
1071, 987, 910 cm-1. HRMS (FAB+) exact mass calcʼd for C11H19O (MH)+ requires m/z 
199.1329, found m/z 199.1329. 
 
      
2-methyl-3-phenylpent-4-en-1-ol (17).7 Following the method of Macmillan,8 a round-
bottom flask was charged with TiCl4 ·2THF (246 mg, 0.74 mmol) in a glovebox. A 
solution of cinnamyl morpholine (1.5 g, 7.4 mmol) in CH2Cl2 (5 mL), i-PrNEt2 (1.8 mL, 
10.55 mmol), and CH2Cl2 (75 mL) were then added, and the reaction was cooled to 0 °C. 
A 1.0 M solution of propionyl chloride (0.97 mL, 11.1 mmol) in CH2Cl2 was then added 
dropwise, and the reaction was stirred until complete consumption of cinnamyl 
morpholine was observed by TLC (8 h). Upon completion, the reaction was diluted with 
ether (75 mL) and washed with 1 M NaOH (50 mL). The organic layer was then washed 
with brine (50 mL), dried (Na2SO4), concentrated and purified by silica gel 






(300 MHz, CDCl3) ! 7.20-7.36 (m, 5H, ArH), 5.98-6.09 (m, 1H, CH=CH2), 4.99-5.07 (m, 
2H, CH=CH2), 3.53-3.68 (m, 9H, N(CH2CH2)2, CHPh), 3.06-3.12 (m, 1H, CHMe), 0.96 (d, 
J = 6.8 Hz, 3H, CHCH3). 
A round-bottom flask was then charged with the resulting morpholine amide (1.04 
g, 3.86 mmol), THF (8 mL) and H2O (8 mL). Iodine (2.15 g, 8.48 mmol) was then added, 
and the reaction was stirred at room temperature without light for 1 h. The reaction was 
then diluted with ether (20 mL) and then washed sequentially with sat. Na2S2O3 (2 x 20 
mL) and brine (20 mL). The organic layer was then dried (Na2SO4), concentrated and the 
intermediate iodolactone was obtained as a light yellow oil (1.2 g), which was used 
without further purification in the next step. The iodolactone was dissolved in acetic acid 
(9 mL), treated with zinc (2.27 g, 34.76 mmol) and heated to 65 °C with stirring for 6 h. 
The reaction was then cooled to room temperature and quenched with 1 M HCl (5 mL). 
The reaction was then extracted with ether (3 x 20 mL), and the combined organic layers 
were washed with brine (50 mL) and dried (Na2SO4). The crude carboxylic acid (500 mg) 
in THF (5 mL) was then added to a solution of lithium aluminum hydride (245 mg, 6.4 
mmol) in THF (17 mL) at 0 °C. The reaction was heated to reflux over 1 h. Once the 
reaction was complete, it was quenched sequentially with 1 M HCl (1 mL), water (1 mL) 
and 1 M NaOH (1 mL). The reaction was then diluted with EtOAc (40 mL), and the layers 
were separated. The aqueous layer was then extracted with EtOAc (2 x 20 mL). The 
combined organic layers were then washed with brine (30 mL), dried (Na2SO4), 
concentrated and purified by silica gel column chromatography (20% EtOAc/hexanes) to 
afford the title compound as a colorless oil (348 mg, 2.0 mmol, 52 % overall yield from 
amide). 1H NMR (300 MHz, CDCl3) ! 7.16-7.31 (m, 5H, ArH), 6.00-6.12 (m, 1H, 
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CH=CH2), 5.03-5.5.15 (m, 2H, CH=CH2), 3.56-3.73 (m, 2H, CH2OH), 3.14-3.20 (m, 1H, 
CHPh), 2.03-2.07 (m, 1H, CHMe), 1.42 (s, 1H, OH), 0.79 (d, J = 9.1 Hz, CHCH3). 
 
 
3-phenylpent-4-en-1-ol (19).9 To a solution of cinnamyl alcohol (5.02 g, 37.4 mmol) and 
trimethyl orthoacetate (27 mL, 214.8 mmol) in toluene (150 mL) was added propionic 
acid under argon. The reaction was then heated at 150 °C overnight.10 After the reaction 
was complete, the mixture was concentrated and purified by silica gel chromatography 
(15% EtOAc/hexanes) to yield a light yellow oil (6.5 g, 34.0 mmol, 91 % yield). The 
resulting ester (2.0 g, 10.51 mmol) was then dissolved in THF (37 mL) and added 
dropwise to a slurry of lithium aluminum hydride (0.600 g, 15.77 mmol) in THF (100 mL) 
at 0 °C.11 The reaction was slowly warmed to room temperature and stirred overnight. 
After the reaction was complete, water was added dropwise (2 mL). The reaction was 
diluted with ethyl acetate and filtered over celite. The filtrate was then concentrated and 
purified by silica gel chromatography (15% EtOAc/Hexanes). The desired alcohol was 
obtained as a light yellow oil (1.25 g, 7.7 mmol, 73 % yield). 1H NMR (400 MHz, CDCl3) 
! 7.23-7.34 (m, 5H, ArH), 5.96-6.07 (m, 1H, CH=CH2), 5.09-5.15 (m, 2H, CH=CH2), 3.58-










N-(2-isopropylpent-4-en-1-yl)-4-methylbenzenesulfonamide (28a). An oven-dried 
round bottom flask with septum and stir bar was charged with diisopropylamine (2.8 mL, 
20 mmol) and THF (40 mL), then cooled to 0 oC.  nBuLi (8.5 mL, 2.5M solution in 
hexanes, 21.2 mmol) was then added slowly and the mixture was stirred for 30 minutes.  
The LDA was then cooled to -78 oC, after which iso-valeronitrile (2.1 mL, 20 mmol) was 
added.14  The reaction was stirred at -78 oC for 1 h.  Freshly distilled allyl bromide (3.5 
mL, 40 mmol) was then added, then the reaction was warmed to room temperature and 
stirred overnight.  Upon completion, the reaction was quenched with saturated aqueous 
NH4Cl solution, and then extracted with ether (3 xʼs).  The combined organic layers were 
washed with brine, dried over Na2SO4, filtered and concentrated to afford the desired 
compound as a light yellow liquid (2.1 g, 85%).  The material was carried on to the next 
step without further purification. 
 An oven-dried round bottom flask was charged with LiAlH4 (0.62 g, 16.23 mmol) 
under argon.  Ether (14 mL) was then added and the reaction was cooled to 0 °C.  A 
solution of the crude nitrile (1 g, 8.1 mmol) in ether (5 mL) was then added slowly to the 
reaction.  Upon completion of the addition, the reaction was warmed to room 
temperature and stirred overnight.  The reaction was quenched at 0 ºC with 1M NaOH, 
then extracted twice with ether.  The combined organic layers were washed with brine, 
dried over Na2SO4, filtered and concentrated.  The desired amine was obtained as a 
pale yellow liquid (0.95 g, 93%) and used without further purification.   
 An oven-dried round bottom flask was charged with the amine (0.95 g, 7.5 mmol), 
triethylamine (2.8 mL, 20.2 mmol) and methylene chloride (15 mL) under argon.  A 
solution of p-toluenesulfonyl chloride (1.57 g, 8.2 mmol) in methylene chloride (5 mL) 
was then added slowly at 0 ºC.  The reaction was then warmed to room temperature and 
stirred until completion (30 h).  Upon completion, the reaction was diluted with methylene 
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chloride, and then washed sequentially with water and brine.  The organic layer was 
dried over Na2SO4, filtered and concentrated.  The crude residue was purified by silica 
gel chromatography (10% ethyl acetate/hexanes) to afford the desired product as a 
colorless oil (0.500 g, 20%).  1H NMR (300 MHz, CDCl3) ! 7.73 (d, J = 8.3 Hz, 2H, ArH), 
7.30 (d, J = 8.3 Hz, 2H, ArH), 5.61-5.74 (m, 1H, CH=CH2), 4.95-5.01 (m, 2H, CH=CH2), 
4.46 (s, 1H, NHTs), 2.81-2.95 (m, 2H, CH2NHTs), 2.43 (s, 3H, ArMe), 2.07-2.16 (m, 1H, 
CH2CH=CH2), 1.85-1.96 (m, 1H, CH2CH=CH2), 1.66-1.76 (m, 1H, CHMe2), 1.33-1.39 (m, 
1H, CHCH2CH=CH2), 0.84 (d, J = 4.1 Hz, 3H, CHMe2), 0.81 (d, J = 4.1 Hz, 3H, CHMe2). 
13C NMR (300 MHz, CDCl3) ! 143.5, 137.2, 129.9, 127.3, 116.8, 44.3, 43.9, 33.5, 28.4, 
21.7, 19.7, 19.1.  IR (neat) 3291, 3073, 2956, 2930, 2869, 1639, 1426, 1321, 1152, 1095 
cm-1.  HRMS (FAB+) exact mass calcʼd for C15H24NO2S (M + 1) requires m/z 281.41, 
found m/z 282.1527. 
 
      
N-(2-isopropylpent-4-en-1-yl)-2-nitrobenzenesulfonamide (28b). Using the amine 
synthesized for the previous substrate, an oven-dried round bottom flask was charged 
with the amine (0.500 g, 3.9 mmol), triethylamine (0.82 mL, 5.9 mmol) and methylene 
chloride (6 mL) under argon.  A solution of 2-nitrobenzenesulfonyl chloride (0.953 g, 4.3 
mmol) was then added in 3 portions at 0 °C.  The reaction was then warmed to room 
temperature and stirred until completion (30 h).  Upon completion, the reaction was 
diluted with methylene chloride, and then washed sequentially with water and brine.  The 
organic layer was dried over Na2SO4, filtered and concentrated.  The crude residue was 







product as a light yellow oil (0.53 g, 43%).  1H NMR (300 MHz, CDCl3) ! 8.13-8.16 (m, 
1H, ArH), 7.86-7.89 (m, 1H, ArH), 7.74-7.78 (m, 2H, ArH), 5.67-5.77 (m, 1H, CH=CH2), 
5.01-5.06 (m, 2H, CH=CH2), 5.31 (s, 1H, NHNs), 3.00-3.12 (m, 2H, CH2NHTs), 2.16-2.22 
(m, 1H CH2CH=CH2), 1.94-2.06 (m, 1H, CH2CH=CH2), 1.76-1.82 (m, 1H, CHMe2), 1.44-
1.50 (m, 1H, CHCH2CH=CH2), 0.89 (d, J = 3.2 Hz, 3H, CHMe2), 0.88 (d, J = 3.2 Hz, 3H, 
CHMe2). 13C NMR (300 MHz, CDCl3) δ 148.3, 136.8, 133.9, 133.7, 132.9, 131.3, 125.6, 
117.1, 44.9, 44.0, 33.5, 28.4, 19.8, 19.2.  IR (neat) 3342, 3063, 2958, 2867, 1644, 1588, 
1546, 1420, 1336, 1161, 1120, 847 cm-1.  HRMS (FAB+) exact mass calcʼd for 
C14H20N2O2S (M + 1) requires m/z 312.38, found m/z 313.1238. 
 
      
4-methyl-N-(3-phenylpent-4-en-1-yl)benzenesulfonamide (32). An oven-dried round 
bottom flask with septum and stir bar was charged with alcohol 19 (0.200 g, 1.24 mmol), 
triethylamine (0.260 mL, 1.86 mmol) and methylene chloride (2.5 mL) and cooled to 0 
°C.  Methanesulfonyl chloride (0.120 mL, 1.50 mmol) was then added dropwise.  
Following the addition, the reaction was warmed to room temperature and stirred for 2 h.  
The reaction was then diluted with methylene chloride and washed sequentially with 1M 
HCl, saturated aqueous NaHCO3, and brine.  The organic layer was dried over Na2SO4, 
filtered and concentrated to afford the desired mesylate in a quantitative yield.  The 
material was used in the next step without further purification.  1H NMR (400 MHz, 
CDCl3) ! 7.21-7.37 (m, 5H, ArH), 5.91-6.02 (m, 1H, CH=CH2), 5.09-5.15 (m, 2H, 
CH=CH2), 4.14-4.27 (m, 2H, CH2OMs), 3.49-3.70 (m, 1H, CHPh), 2.51 (s, 3H, SO2Me), 




 A scintillation vial with stir bar and Teflon septum was charged with p-
toluenesulfonamide (0.582 g, 3.4 mmol), potassium carbonate (0.705 g, 5.1 mmol) and 
acetone (1.7 mL).1  The mesylate (408 mg, 1.7 mmol) was then added and the reaction 
was heated to 80 °C for 36 h.  Upon completion, the reaction was concentrated, then 
dissolved in ethyl acetate.  The organic layer was washed with water and brine and dried 
over Na2SO4, filtered and concentrated.  The crude residue was purified by silica gel 
chromatography (15% ethyl acetate/hexanes) to afford the desired product was obtained 
as a light yellow oil (100 mg, 20%).   1H NMR (400 MHz, CDCl3) ! 7.69-7.72 (m, 2H, 
ArH), 7.07-7.31 (m, 7H, ArH), 5.82-5.91 (m, 1H, CH=CH2), 4.98-5.04 (m, 2H, CH=CH2), 
4.36 (s, 1H, NHTs), 2.98-3.00 (m, 2H, CH2NHTs), 2.59-2.62 (m, 1H, CHPh), 2.42 (s, 3H, 
ArMe), 1.77-1.92 (m, 2H, NHTsCH2CH2). 
 
            
methyl 2-(4-methylphenylsulfonamido)hex-5-enoate (34). According to literature 
procedure,12 a solution of glycine methyl ester HCl salt (1.90 g, 15.0 mmol) in methylene 
chloride (50.0 mL) was charged with benzophenone imine (2.5 mL, 15.0 mmol) at room 
temperature and stirred overnight.  The resulting precipitate was filtered, dissolved in 
ether and washed with water.  The organic layer was then filtered, dried over Na2SO4 
and concentrated.  The resulting residue was recrystallized from ether/hexanes to afford 
3.0 grams (79%) of the desired compound as a white solid.  The resulting glycine imine 
(320 mg, 1.65 mmol) was then dissolved in acetonitrile (16.5 mL), and the flask was 
charged with Cs2CO3 (1.61 g, 4.95 mmol) and 4-bromo-1-butene (.212 mL, 2.20 mmol) 





washed sequentially with water and brine.  The organic layer was dried over Na2SO4, 
filtered and concentrated.  The material was carried on without further purification. The 
butenyl glycine imine was dissolved in ether (5 mL) and cooled to 0 °C.  1M HCl (2.5 mL) 
was then added and the reaction was stirred overnight.13  The layers were then 
separated and the water layer was concentrated to afford the pure butenyl glycine HCl 
salt (190 mg, 64% over 2 steps).  1H NMR (400 MHz, CDCl3) ! 8.69 (br s, 3H, NH3), 
5.80-5.90 (m, 1H, CH=CH2), 5.24-5.34 (m, 2H, CH=CH2), 3.81 (s, 3H, OMe), 2.82-2.90 
(m, 2H, CH2CH=CH2).   
 A flask containing the HCl amine salt (0.188 g, 1.05 mmol), methylene chloride (3.0 
mL) and triethylamine (0.36 mL, 2.55 mmol) was charged with a solution of tosyl chloride 
(0.220 g, 1.16 mmol) in methylene chloride (1.0 mL) under argon and stirred at room 
temperature until completion (36 h).  The reaction was then diluted with dichloromethane 
and washed with brine.  The organic layer was dried over Na2SO4, filtered and 
concentrated.  The crude residue was purified by silica gel chromatography (20% ethyl 
acetate/hexanes) to afford the title compound as a white solid (190 mg, 61%). 1H NMR 
(300 MHz, CDCl3) ! 7.71 (d, J = 8.3 Hz, 2H, ArH), 7.28 (d, J = 8.3 Hz, 2H, ArH), 5.67-
5.73 (m, 1H, CH=CH2), 4.97-5.14 (m, 2H, CH=CH2), 3.90-3.96 (m, 1H, CHNHTs), 3.48 
(s, 3H, OMe), 2.42 (s, 3H, ArMe), 2.08-2.15 (m, 2H, CH2CH=CH2), 1.68-1.83 (m, 2H, 
CH2CH2CH=CH2). 13C NMR (300 MHz, CDCl3) ! 172.3, 143.8, 136.9, 136.6, 129.8, 
127.4, 116.2, 55.3, 52.6, 32.7, 29.2, 21.7. IR (neat) 3222, 2939, 2813, 1739, 1639, 1595, 
1434, 1347, 1160, 1086 cm-1.  MS (FAB+) exact mass calcʼd for C14H20NO4S (M + 1) 
requires m/z 297.37, found m/z 298.1141. 
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N-(2-isopropylpent-4-en-1-yl)-4-methylbenzenesulfonamide (36).14 An oven-dried 
round bottom flask with septum and stir bar was charged with diisopropylamine (2.8 mL, 
20 mmol) and THF (40 mL), then cooled to 0 °C.  nBuLi (8.5 mL, 2.5M solution in 
hexanes, 21.2 mmol) was then added slowly and the mixture was stirred for 30 minutes.  
The LDA was then cooled to -78 °C, after which isovaleronitrile (2.1 mL, 20 mmol) was 
added.  The reaction was stirred at -78  °C for 1 h.  Freshly distilled allyl bromide (3.5 
mL, 40 mmol) was then added, and then the reaction was warmed to room temperature 
and stirred overnight.  Upon completion, the reaction was quenched with saturated 
aqueous NH4Cl solution, and then extracted with ether (3 xʼs).  The combined organic 
layers were washed with brine, dried over Na2SO4, filtered and concentrated to afford the 
desired compound as a light yellow liquid (2.1 g, 85%).  The material was carried on to 
the next step without further purification. 
 An oven-dried round bottom flask was charged with LiAlH4 (0.62 g, 16.23 mmol) 
under argon.  Ether (14 mL) was then added and the reaction was cooled to 0 °C.  A 
solution of the crude nitrile (1 g, 8.1 mmol) in ether (5 mL) was then added slowly to the 
reaction.  Upon completion of the addition, the reaction was warmed to room 
temperature and stirred overnight.  The reaction was quenched at 0 °C with 1M NaOH, 
then extracted twice with ether.  The combined organic layers were washed with brine, 
dried over Na2SO4, filtered and concentrated.  The desired amine was obtained as a 
pale yellow liquid (0.95 g, 93%) and used without further purification.   
 An oven-dried round bottom flask was charged with the amine (0.95 g, 7.5 mmol), 





solution of p-toluenesulfonyl chloride (1.57 g, 8.2 mmol) in methylene chloride (5 mL) 
was then added slowly at 0 °C.  The reaction was then warmed to room temperature and 
stirred until completion (30 h).  Upon completion, the reaction was diluted with methylene 
chloride, and then washed sequentially with water and brine.  The organic layer was 
dried over Na2SO4, filtered and concentrated.  The crude residue was purified by silica 
gel chromatography (10% ethyl acetate/hexanes) to afford the desired product as a 
colorless oil (0.500 g, 20%).  1H NMR (300 MHz, CDCl3) ! 7.73 (d, J = 8.3 Hz, 2H, ArH), 
7.30 (d, J = 8.3 Hz, 2H, ArH), 5.61-5.74 (m, 1H, CH=CH2), 4.95-5.01 (m, 2H, CH=CH2), 
4.46 (s, 1H, NHTs), 2.81-2.95 (m, 2H, CH2NHTs), 2.43 (s, 3H, ArMe), 2.07-2.16 (m, 1H, 
CH2CH=CH2), 1.85-1.96 (m, 1H, CH2CH=CH2), 1.66-1.76 (m, 1H, CHMe2), 1.33-1.39 (m, 
1H, CHCH2CH=CH2), 0.84 (d, J = 4.1 Hz, 3H, CHMe2), 0.81 (d, J = 4.1 Hz, 3H, CHMe2). 
13C NMR (300 MHz, CDCl3) ! 143.5, 137.2, 129.9, 127.3, 116.8, 44.3, 43.9, 33.5, 28.4, 
21.7, 19.7, 19.1.  IR (neat) 3291, 3073, 2956, 2930, 2869, 1639, 1426, 1321, 1152, 1095 
cm-1.  HRMS (FAB+) exact mass calcʼd for C15H24NO2S (M + 1) requires m/z 281.41, 
found m/z 282.1527. 
 
      
N-((1-allylcyclohexyl)methyl)-4-methylbenzenesulfonamide (38). An oven-dried 
round bottom flask with septum and stir bar was charged with diisopropylamine (1.30 
mL, 9.16 mmol) and THF (18.5 mL), then cooled to 0 °C.  nBuLi (3.9 mL, 2.5M solution 
in hexanes, 9.70 mmol) was then added slowly and the mixture was stirred for 30 
minutes.14  The LDA was then cooled to -78 °C, after which cyclohexanecarbonitrile 




distilled allyl bromide (1.6 mL, 18.32 mmol) was then added, and then the reaction was 
warmed to room temperature and stirred overnight.  Upon completion, the reaction was 
quenched with saturated aqueous NH4Cl solution, and then extracted with ether (3 xʼs).  
The combined organic layers were washed with brine, dried over Na2SO4, filtered and 
concentrated to afford the desired compound as a light yellow liquid.  The material was 
carried on to the next step without further purification. 
 An oven-dried round bottom flask was charged with LiAlH4 (0.70 g, 18.32 mmol) 
under argon.  Ether (16 mL) was then added and the reaction was cooled to 0 °C.  A 
solution of the crude nitrile in ether (5 mL) was then added slowly to the reaction.  Upon 
completion of the addition, the reaction was warmed to room temperature and stirred 
overnight.  The reaction was quenched at 0 °C with 1M NaOH, then extracted twice with 
ether.  The combined organic layers were washed with brine, dried over Na2SO4, filtered 
and concentrated.  The desired amine was obtained as a pale yellow liquid (1.3 g, 93%, 
two steps) and used without further purification.   
 An oven-dried round bottom flask was charged with the amine (0.500 g, 3.26 
mmol), triethylamine (1.25 mL, 8.80 mmol) and methylene chloride (13 mL) under argon.  
A solution of p-toluenesulfonyl chloride (0.68 g, 3.60 mmol) in methylene chloride (2.5 
mL) was then added slowly at 0 °C.  The reaction was then warmed to room temperature 
and stirred until completion (16 h).  Upon completion, the reaction was diluted with 
methylene chloride, and then washed sequentially with water and brine.  The organic 
layer was dried over Na2SO4, filtered and concentrated.  The crude residue was purified 
by silica gel chromatography (10% ethyl acetate/hexanes) to afford the desired product 
as a colorless oil (0.700 g, 70%).  1H NMR (300 MHz, CDCl3) ! 7.73 (d, J = 8.2 Hz, 2H, 
ArH), 7.28 (d, J = 8.2 Hz, 2H, ArH), 5.66-5.75 (m, 1H, CH=CH2), 4.96-5.02 (m, 2H, 
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CH=CH2), 4.78 (s, 1H, NHTs), 2.71 (d, J = 6.9 Hz, 2H, CH2NHTs), 2.43 (s, 3H, ArMe), 
2.03 (d, J = 7.6 Hz, 2H, CH2CH=CH2), 1.26-1.37 (m, 10H, Cy).   
 
      
4-methyl-N-(2-methylhept-6-en-3-yl)benzenesulfonamide (40). According to literature 
procedure,15 an oven-dried round bottom flask was charged with magnesium turnings (1 
g, 40.8 mmol) and THF (80 mL) under argon.  4-bromo-1-butene (4.1 mL, 40 mmol) was 
then added and the reaction was stirred at room temperature for 1 h.  Another oven-
dried round bottom flask was charged with CuI (0.38 g, 2 mmol), iso-butyryl chloride (4.2 
mL, 40 mmol) and THF (40 mL) under argon.  The reaction was then cooled with an ice 
bath and the Grignard previously synthesized was added slowly to the reaction, which 
was stirred for 3 h at 0 °C.  The reaction was diluted with ether, and then washed 
sequentially with 1M HCl, water, saturated NaHCO3 solution and brine.  The organic 
layer was dried over Na2SO4, filtered, concentrated and carried on to the next step 
without further purification (4 g, 80%).   
 An oven-dried round bottom flask was charged with ammonium acetate (24.7 g, 
317 mmol), the previously synthesized crude ketone (4 g, 31.7 mmol) and MeOH (110 
mL).  Sodium cyanoborohydride (1.4 g, 22.2 mmol) was then added in one portion at 
room temperature, and the reaction was stirred overnight.  The reaction was then 
brought to pH = 2 with 6 M HCl and concentrated.  The residue was dissolved in water, 
and then washed with ether.  The reaction was then basified with KOH pellets and 





filtered and concentrated to afford the amine as a yellow oil (2 g, 50%).  The spectral 
data matched the literature, and the material was used without further purification.   
 An oven-dried round bottom flask was charged with the amine (2 g, 15.7 mmol), 
triethylamine (4.8 mL, 34.6 mmol) and methylene chloride (50 mL).  A solution of p-
toluenesulfonyl chloride (3.3 g, 17.3 mmol) in methylene chloride (10 mL) was then 
added slowly at 0 °C.  Upon completion of the addition, the reaction was warmed to 
room temperature and stirred until completion (48 h).  The reaction was then diluted with 
methylene chloride and washed with water and brine.  The organic layer was dried over 
Na2SO4, filtered and concentrated.  The crude residue was purified by silica gel 
chromatography (10% ethyl acetate:hexanes) to afford the desired product as an off-
white solid (1.4 g, 31%).  1H NMR (300 MHz, CDCl3) ! 7.75 (d, J = 8.3 Hz, 2H, ArH), 7.27 
(d, J = 8.3 Hz, 2H, ArH), 5.59-5.68 (m, 1H, CH=CH2), 4.85-4.91 (m, 2H, CH=CH2), 4.50 
(s, 1H, NHTs), 3.09-3.14 (m, 1H, CHNHTs), 2.42 (s, 3H, ArMe), 1.62-1.97 (m, 2H, 
CH2CH=CH2), 1.29-49 (m, 2H, CH2CH2CH=CH2). 
 
 
4-methyl-N-(1-nitrohex-5-en-2-yl)benzenesulfonamide (42). An oven-dried round 
bottom flask with septum and stir bar was charged with Bi(OTf)3 (0.069 g, 0.105 mmol), 
then the flask was placed under argon.   1,2-Dichloroethane (4.2 mL), triethylamine 
(0.030 mL, 0.210 mmol), nitromethane (0.570 mL, 10.5 mmol), and 46 (0.250 g, 1.05 
mmol) were then added at room temperature and the reaction was stirred until 
completion (48 h).   Upon completion, the reaction was filtered through a silica plug, 





ethyl acetate/hexanes) to afford the desired compound as a light yellow oil (0.125 g, 
42%).  1H NMR (400 MHz, CDCl3) ! 7.78 (d, 2H, J = 8.2 Hz, ArH), 7.34 (d, 2H, J = 8.2 
Hz, ArH), 5.58 - 5.65 (m, 1H, CH=CH2), 4.88 - 5.01 (m, 2H, CH=CH2), 4.34 - 4.49 (m, 
2H, CH2NO2), 3.78 - 3.82 (m, 1H, TsNCH), 2.44 (s, 3H, ArMe), 1.95-2.09 (m, 2H, 
CH2CH=CH2), 1.55 - 1.67 (m, 2H, CH2CHNTs).  13C NMR (300 MHz, CDCl3) ! 144.6, 
137.5, 136.5, 130.4, 127.5, 116.8, 78.7, 51.5, 31.9, 29.8, 22.0.  IR (neat) 3286, 3073, 
2973, 2926, 2865, 1556, 1426, 1330, 1160, 1086 cm-1.  HRMS (FAB+) exact mass calcʼd 
for C13H18N2O2S (M + 1) requires m/z 298.36, found m/z 299.1056. 
 
      
Ethyl 3-(4-methylphenylsulfonamido)hept-6-enoate (44). An oven-dried round bottom 
flask with septum and stir bar was charged with Bi(OTf)3 (0.069 g, 0.105 mmol), then the 
flask was placed under argon.   DCE (4.2 mL), the silyl ketene acetal of ethyl acetate 
(0.425 g, 2.65 mmol), and the aldimine (0.250 g, 1.05 mmol) were then added at 0 °C 
and the reaction was stirred at 4 °C until completion (24 h).   Upon completion, the 
reaction was filtered through a silica plug, concentrated and the crude residue was 
purified by silica gel chromatography (10% ethyl acetate/ hexanes) to afford the desired 
compound as a light yellow oil (0.160 g, 47%).  1H NMR (400 MHz, CDCl3) ! 7.76 (d, 2H, 
J = 8.2 Hz, ArH), 7.30 (d, 2H, J = 8.2 Hz, ArH), 5.63 - 5.71 (m, 1H, CH=CH2), 5.41, 5.44 
(s, 1H, NHTs), 4.89 - 4.94 (m, 2H, CH=CH2), 4.04 - 4.13 (m, 2H, OCH2Me), 3.55 - 3.58 
(m, 1H, CHNHTs), 2.43 (s, 3H, ArMe), 2.36-2.39 (m, 2H, CH2CO2Et), 1.95-2.08 (m, 2H, 
CH2CH=CH2), 1.53 - 1.65 (m, 2H, CH2CHNHTs), 1.22 (t, J = 7.1 Hz, 2H, OCH2Me).  13C 





38.7, 33.9, 29.9, 21.7, 14.3.  IR (neat) 3286, 3078, 2982, 2930, 2865, 1726, 1639, 1600, 
1421, 1330, 1156 cm-1.  HRMS (FAB+) exact mass calcʼd for C16H24NO4S (M + 1) 
requires m/z 325.42, found m/z 326.1409. 
 
Part D. Protocol for Hydrofunctionalization Reactions 
To a solution of Bi(OTf)3, distilled DCE (unless otherwise noted) was added the alkenyl 
alcohol or tosyl amine.  The mixture was stirred at 80 °C (unless otherwise noted) until 
completion.  When the reaction was complete as determined by TLC, the reaction 
mixture was allowed to cool to room temperature and the mixture was pushed through a 
silica gel plug, eluting with 20% EtOAc/hexanes.  The crude tetrahydrofuran or 
pyrrolidine product was purified by silica gel chromatography. 
 
Part E. Hydroalkoxylation/amination Product Data 
       
2-Benzyl-5-methyltetrahydrofuran (12). Prepared according to the general procedure 
from 1- phenylhex-5-en-2-ol (46 mg, 0.26 mmol) and Bi(OTf)3 (16.4 mg, 0.026 mmol) in 
DCE (1 mL) at 80 °C to yield a pale yellow oil (94% yield, 2.4:1 mixture of anti:syn 
determined by 1H NMR analysis). The assignment of stereochemistry was determined by 
comparing spectra to literature values. 1H NMR (400 MHz, CDCl3) ! 7.31-7.21 (m, 5H, 
ArH), 4.25-3.91 (m, 2H, OCHCH3, OCHCH2), 3.00-2.95 (m, 1H, CH2Ar), 2.73-2.68 (m, 
1H, CH2Ar), 1.99-1.93 (m, 2H, OCHCH2CH2OCHCH3), 1.65-1.59 (m, 1H, 




3H, anti-CH3), 1.25 (d, J = 6.4 Hz, 3H, syn-CH3). 13C NMR (100 MHz, CDCl3) ! 138.8, 
129.3, 128.2, 126.1, 79.4, 74.9, 42.3, 33.8, 31.8, 21.4. 
 
       
2-Benzyl-5-ethyltetrahydrofuran (14). Prepared according to the general procedure 
from (E)-1- phenylhept-5-en-2-ol (105.6 mg, 0.55 mmol) and Bi(OTf)3 (34.5 mg, 0.055 
mmol) in DCE (2 mL) at 80 °C to yield a pale yellow oil (90% yield, 2.4:1 mixture of 
anti:syn determined by 1H NMR analysis and anti/syn relationship established by 
analogy to 2-benzyl-5- methyltetrahydrofuran). 
1H NMR (400 MHz, CDCl3) ! 7.31-7.19 (m, 5H, ArH), 4.22-4.18 (m, 1H, anti-OCHCH2Ar), 
4.12-4.04 (m, 1H, syn-OCHCH2Ar), 3.94-3.90 (m, 1H, anti-OCHCH2CH3), 3.82-3.74 (m, 
1H, syn-OCHCH2Ar), 3.02-2.97 (m, 1H, CH2Ar), 2.74-2.67 (m, 1H, CH2Ar), 2.01-1.89 (m, 
2H, OCHCH2CH2OCHCH3), 1.67-1.57 (m, 2H, OCHCH2CH2OCHCH3), 1.52-1.49 (m, 2H, 
OCHCH2CH3), 0.98-90 (m, 3H, CH3). 13C NMR (100 MHz, CDCl3) ! 138.8, 129.2, 128.2, 
126.0, 80.4, 79.4, 42.2, 31.4, 30.4, 28.8, 10.3. IR (neat) 3021, 2958, 2930, 2875, 1497, 
1456, 1078, 1022, 743, 701 cm-1. HRMS (FAB+) exact mass calcʼd for C13H19O (MH)+ 
requires m/z 191.1430, found m/z 191.1451. 
 
       
cis-2-Methyloctahydrocyclopenta[b]pyran-4a-carboxylate (16). Prepared according 







hydroxycyclopentanecarboxylate (107.1 mg, 0.54 mmol) and Bi(OTf)3 (35.5 mg, 0.054 
mmol) in DCE (2 mL) at 80 °C to yield a colorless oil (90% yield, 2.2:1 mixture of anti:syn 
determined by 1H NMR analysis). Stereochemical assignments were determined by 
examining 1-D NOE spectra. anti - 1H NMR (400 MHz, CDCl3) ! 4.65 (t, J = 7.7 Hz, 1H, 
OCHCH2), 3.88-3.76 (m, 1H, OCHCH3), 3.70 (s, 3H, OCH3), 2.19-2.14 (m, 1H, 
OCHCH2CH2), 1.99-1.51 (m, 8H, OCHCH2CH2, OCHCH2CH2CH2), 1.32-1.21 (m, 1H, 
OCHCH2CH2) 1.14 (d, J = 6.3 Hz, 3H, OCHCH3). 13C NMR (100 MHz, CDCl3) ! 176.8, 
78.5, 65.7, 52.0, 49.4, 34.1, 29.2, 26.5, 26.3, 20.6, 20.0. IR (neat) 2965, 2951, 2875, 
1728, 1435, 1267, 1197, 1099, 875 cm-1. HRMS (FAB+) exact mass calcʼd for C11H19O3 
(MH)+ requires m/z 199.1329, found m/z 199.1335. 
syn - 1H NMR (400 MHz, CDCl3) ! 4.10 (d, J = 4.0 Hz, 1H, OCHCH2), 3.67 (s, 3H, 
OCH3), 3.44-3.39 (m, 1H, OCHCH3), 2.04-1.37 (m, 10H, OCHCH2CH2, 
OCHCH2CH2CH2), 1.17 (d, J = 6.2 Hz, 3H, OCHCH3). 13C NMR (100 MHz, CDCl3) ! 
177.2, 81.6, 72.1, 53.1, 51.9, 31.9, 28.9, 28.3, 28.1, 22.0, 21.3. IR (neat) 2972, 2945, 
2854, 1728, 1442, 1267, 1204, 1092, 1057, 994 cm-1. HRMS (FAB+) exact mass calcʼd 
for C11H19O3 (MH)+ requires m/z 199.1329, found m/z 199.1335. 
 
 
2,4-dimethyl-3-phenyltetrahydrofuran (18).16 Prepared according to the general 
procedure from syn-2-methyl-3-phenylpent-4-en-1-ol (50 mg, 0.284 mmol) and Bi(OTf)3 
(19 mg, 0.028 mmol) in DCE at 65 °C as a clear oil (83% yield, 6.8:1 mixture of anti:syn 
determined by 1H NMR analysis, and the anti/syn relationship was established by 





(m, 5H, ArH), 4.17 (t, J = 8.0 Hz, 1H, OCH2Me), 3.98- 4.02 (m, 1H, OCH2), 3.59 (t, J = 
8.5 Hz, 1H, OCH2Me), 2.51-2.53 (m, 1H, CHPh), 2.31 (t, J = 9.6 Hz, 1H, CHMe), 1.20 (d, 
J = 6.0 Hz, 3H, OCHCH3), 0.98 (d, J = 6.6 Hz, 3H, CHCH3). 
 
       
2-Methyl-3-phenyltetrahydrofuran (20).17 Prepared according to the general procedure 
from 3-phenylpent-4-en-1-ol (50 mg, 0.308 mmol) and Bi(OTf)3 (20 mg, 0.031 mmol) in 
DCE (1.25 mL) at 80 °C to yield a clear oil (85% yield, 3:1 mixture of anti:syn determined 
by 1H NMR analysis, and the anti/syn relationship was established by analogy to 2-
benzyl-5-methyltetrahydrofuran). 
1H NMR (300 MHz, CDCl3) ! 7.18-7.27 (m, 5H, ArH), 4.06-4.16 (m, 2H, OCH2), 3.85-
3.93 (m, 1H, OCHMe), 2.81 (q, J = 11.8 Hz, 1H, CHPh), 2.37-2.48 (m, 1H, OCH2CH2), 




Eucalyptol (22). Prepared according to the general procedure from alpha-terpineol (77 
mg, 0.500 mmol) and Bi(OTf)3 (33 mg, 0.05 mmol) in benzene (2 mL) at 40 °C to yield a 
clear oil (67% yield). 1H NMR (300 MHz, CDCl3) ! 2.02 (m, 2H, HA), 1.66 (t, J = 7.8 Hz, 













2-methyl-1-tosylpyrrolidine (27).18 4-methyl-N-(pent-4-enyl)benzenesulfonamide (25 
mg, 0.2 mmol), Bi(OTf)3 (13 mg, 0.02 mmol) and the indicated solvent (0.8 mL) were 
heated at 70 oC until the reaction was complete.  Upon completion (as judged by TLC), 
the reaction was filtered through a silica plug, concentrated and purified by silica gel 
chromatography (15% ethyl acetate/hexanes) to afford the desired product as a 
colorless oil (65 mg, 93%).  1H NMR (300 MHz, CDCl3) ! 7.70 (d, 2H, J = 8.3 Hz, ArH), 
7.29 (d, 2H, J = 8.3 Hz, ArH), 3.68-3.73 (m, 1H, TsNCH2), 3.39- 3.46 (m, 1H, TsNCH2), 
3.10- 3.18 (m, 1H, TsNCHMe), 2.42 (s, 3H, ArMe), 1.63- 1.87 (m, 4H, TsNCH2CH2), 




methylbenzenesulfonamide (50 mg, 0.194 mmol), Bi(OTf)3 (11.5 mg, 0.019 mmol) and 
DCE (0.8 mL) were heated at 70 °C for 6 h to afford the product as a colorless oil (42 
mg, 84%, 9:1 d.r.).  1H NMR (300 MHz, CDCl3) syn diastereomer ! 7.70 (d, J = 8.4 Hz, 
2H, ArH), 7.29 (d, J = 8.4 Hz, 2H, ArH) 3.55-3.59 (m, 2H, NCH2), 2.94-3.00 (m, 1H, 
NCHMe), 2.42 (s, 3H, ArMe), 2.05-2.07 (m, 1H, CHMe2), 1.37 (d, 3H, NCHMe), 1.15-
1.33 (m, 3H, NCHCH2CHi-Pr), 0.97 (d, J = 6.9 Hz, 3H, CHMe2), 0.82 (d, J = 7 Hz, 3H, 
CHMe2).  13C NMR (300 MHz, CDCl3) ! 143.3, 135.6, 127.7, 127.6, 57.3, 53.7, 45.5, 











1086, 1039 cm-1.  HRMS (FAB+) exact mass calcʼd for C15H24NO2S (M + 1) requires m/z 




nitrobenzenesulfonamide (53 mg, 0.160 mmol), Bi(OTf)3 (10.5 mg, 0.016 mmol) and 
DCE (0.65 mL) were heated at 70 °C for 7.5 h to afford the product as a yellow oil (47 
mg, 88%, 4.7:1 d.r.).  1H NMR (300 MHz, CDCl3) syn diastereomer ! 7.98-8.05 (m, 1H, 
ArH), 7.58-7.70 (m, 3H, ArH), 3.82-3.99 (m, 2H, NCH2), 3.00-3.03 (m, 1H, NCHMe), 
2.20-2.29 (m, 1H, CHMe2), 1.38-1.68 (m, 2H, NCHMeCH2), 1.27 (d, J = 6.5 Hz, 3H, 
NCHMe), 0.88 (d, J = 6.6 Hz, 6H, CHMe2).  13C NMR (300 MHz, CDCl3) ! 148.5, 133.5, 
131.6, 130.8, 124.2, 57.6, 57.1, 53.9, 46.0, 40.5, 31.8, 21.9, 21.6, 21.2.  IR (neat) 2965, 
2867, 1539, 1469, 1371, 1161, 1120, 1057, 847, 742 cm-1.  HRMS (FAB+) exact mass 
calcʼd for C14H20N2O2S (M + 1) requires m/z 312.38, found m/z 313.1221. 
 
      
Product 31.19 N-(hex-5-enyl)-4-methylbenzenesulfonamide (50 mg, 0.197 mmol), 
Bi(OTf)3 (19.7 mg, 0.019 mmol) and DCE (0.8 mL) were heated at 70 °C for 16 h to 
afford the desired product as a yellow oil (47 mg, 94%, 2:1).  1H NMR (300 MHz, CDCl3) 
! 7.70 (d, 2H, J = 8.3 Hz, ArH),  7.29 (d, 2H, J = 8.3 Hz, ArH), 3.68-3.73 (m, 1H, 
TsNCH2), 3.39- 3.46 (m, 1H, TsNCH2), 3.10- 3.18 (m, 1H, TsNCHMe), 2.42 (s, 3H, 














        
2-Methyl-3-phenyl-1-tosylpyrrolidine (33). 4-methyl-N-(3-phenylpent-4-
enyl)benzenesulfonamide (49 mg, 0.155 mmol), Bi(OTf)3 (10 mg, 0.016 mmol) and DCE 
(0.625 mL) were heated at 70 °C for 19 h to afford the product as a colorless oil (35 mg, 
71%, 2:1 d.r.).  1H NMR (300 MHz, CDCl3) anti diastereomer ! 7.78 (d, J = 8.0 Hz, 2H, 
ArH), 7.35 (d, J = 8.0 Hz, 2H, ArH), 7.18-7.31 (m, 3H, ArH), 6.84-6.87 (m, 2H, ArH), 
3.51-3.68 (m, 3H, NTsCH2, NTsCHMe), 2.84-2.96 (m, 1H, CHPh), 2.47 (anti, s, 3H, 
ArMe), 2.42 (syn, s, 3H, ArMe), 1.97-2.07 (m, 1H, NTsCH2CH2), 1.49-1.62 (m, 1H, 
NTsCH2CH2), 1.39 (anti, d, J = 6.2 Hz, 3H, CHMe), 0.89 (syn, d, J = 6.7 Hz, 3H, CHMe).  
13C NMR (400 MHz, CDCl3) ! 143.6, 140.9, 135.4, 129.9, 128.8, 127.7, 127.4, 127.1, 
63.4, 53.9, 48.9, 32.9, 21.7, 21.4.  IR (neat) 3056, 3017, 2908, 2956, 1486, 1339, 1152 
cm-1.  HRMS (FAB+) exact mass calcʼd for C18H22NO2S (M + 1) requires m/z 315.43, 
found m/z 316.1357. 
 
        
Methyl 5-methyl-1-tosylpyrrolidine-2-carboxylate (35). Methyl 2-(4-
methylphenylsulfonamido)hex-5-enoate (54 mg, 0.168 mmol), Bi(OTf)3 (11 mg, 0.017 
mmol) and DCE (0.700 mL) were heated at 70 °C for 16 h to afford the product as a 
colorless oil (48 mg, 89%, 2:1 d.r.).  1H NMR (300 MHz, CDCl3) anti diastereomer ! 7.77 
(d, J = 8.6 Hz, 2H, ArH), 7.27 (d, J = 8.6 Hz, 2H, ArH) 4.43 (m, 1H), 4.07-4.11 (m, 1H, 
NCHi-Pr), 3.64 (s, 3H, CO2Me), 2.42 (s, 3H, ArMe), 2.24-2.29 (m, 2H, CH2CHMe), 1.53-








Hz, 3H, NCHMe).  13C NMR (300 MHz, CDCl3) ! 173.0, 143.3, 138.2, 129.5, 127.6, 61.3, 
56.3, 52.3, 32.2, 28.8, 21.7, 21.4.  IR (neat) 3400, 2960, 2917, 2334, 2356, 1726, 1430, 
1339, 1147, 1086, 808 cm-1.  HRMS (FAB+) exact mass calcʼd for C14H20NO4S (M + 1) 
requires m/z 297.37, found m/z 298.1121. 
 
      
4-Isopropyl-2-methyl-1-tosylpyrrolidine (37). N-(2-isopropylpent-4-enyl)-4-
methylbenzenesulfonamide (50 mg, 0.194 mmol), Bi(OTf)3 (11.5 mg, 0.019 mmol) and 
DCE (0.8 mL) were heated at 70 °C for 6 h to afford the product as a colorless oil (42 
mg, 84%, 9:1 d.r.).  1H NMR (300 MHz, CDCl3) syn diastereomer ! 7.70 (d, J = 8.4 Hz, 
2H, ArH), 7.29 (d, J = 8.4 Hz, 2H, ArH) 3.55-3.59 (m, 2H, NCH2), 2.94-3.00 (m, 1H, 
NCHMe), 2.42 (s, 3H, ArMe), 2.05-2.07 (m, 1H, CHMe2), 1.37 (d, 3H, NCHMe), 1.15-
1.33 (m, 3H, NCHCH2CHi-Pr), 0.97 (d, J = 6.9 Hz, 3H, CHMe2), 0.82 (d, J = 7 Hz, 3H, 
CHMe2).  13C NMR (300 MHz, CDCl3) ! 143.3, 135.6, 127.7, 127.6, 57.3, 53.7, 45.5, 
37.9, 31.7, 22.8, 21.5, 21.2.  IR (neat) 2965, 2921, 2873, 1595, 1486, 1460, 1330, 1156, 
1086, 1039 cm-1.  HRMS (FAB+) exact mass calcʼd for C15H24NO2S (M + 1) requires m/z 
281.41, found m/z 282.1541. 
 
       
3-Methyl-2-tosyl-2-azaspiro[4.5]decane (39). N-((1-allylcyclohexyl)methyl)-4-
methylbenzenesulfonamide (50 mg, 0.163 mmol), Bi(OTf)3 (10.7 mg, 0.016 mmol) and 








mg, >99 %).  1H NMR (400 MHz, CDCl3) ! 7.71 (d, J = 8.3 Hz, 2H, ArH), 7.29 (d, J = 8.3 
Hz, 2H, ArH) 3.52-3.58 (m, 1H, TsNCHMeCH2), 3.11-3.24 (m, 2H, TsNCH2), 2.41 (s, 3H, 
ArMe), 1.76-1.81 (m, 1H, TsNCHMeCH2), 1.32 (d, J = 6.4 Hz, 3H, NCHMe), 1.12-1.41 
(m, 10H, Cy), 0.71-0.85 (m, 2H, TsNCHMeCH2).  
 
       
2-Isopropyl-5-methyl-1-tosylpyrrolidine (41).18 4-methyl-N-(2-methylhept-6-en-3-
yl)benzenesulfonamide (50 mg, 0.194 mmol), Bi(OTf)3 (11.5 mg, 0.019 mmol) and DCE 
(0.8 mL) were heated at 70 °C for 30 h to afford the product as an off-white solid (37 mg, 
74%, 8:1 d.r.).   1H NMR (300 MHz, CDCl3) anti diastereomer ! 7.70 (d, J = 8.2 Hz, 2H, 
ArH), 7.28 (d, J = 8.2 Hz, 2H, ArH) 3.68-3.72 (m, 1H, NCHMe), 3.40-3.42 (m, 1H, NCHi-
Pr), 2.42 (s, 3H, ArMe), 2.04-2.10 (m, 1H, CHMe2), 1.35-1.67 (m, 4H, NCHCH2CH2), 
1.28 (d, J = 6.4 Hz, 3H, NCHMe), 0.97 (d, J = 6.9 Hz, 3H, CHMe2), 0.82 (d, J = 7 Hz, 3H, 
CHMe2).   
 
      
2-Methyl-5-(nitromethyl)-1-tosylpyrrolidine (43). 4-methyl-N-(1-nitrohex-5-en-2-
yl)benzenesulfonamide (50 mg, 0.154 mmol), Bi(OTf)3 (10 mg, 0.015 mmol) and DCE 
(0.625 mL) were heated at 70 °C for 9 h to afford the product as a yellow oil (43 mg, 
86%, 2:1 d.r.).  1H NMR (300 MHz, CDCl3) anti diastereomer ! 7.77 (d, J = 8.3 Hz, 2H, 
ArH), 7.32 (d, J = 8.3 Hz, 2H, ArH), 5.05-5.10 (m, 1H, NCHCH2NO2), 4.35-4.43 (m, 2H, 









NCH(CH2NO2)CH2),  1.57-1.67 (m, 2H, NCHMeCH2), 1.33 syn (d, J = 6.4 Hz, 3H, 
NCHMe), 1.11 anti (d, 3H, J = 6.4 Hz, NCHMe).  13C NMR (400 MHz, CDCl3) ! 144.2, 
138.4, 130.3, 127.6, 79.8, 57.5, 57.2, 30.9, 27.9, 21.9, 20.5.  IR (neat) 2969, 2921, 1600, 
1552, 1443, 1334, 1147, 1086, 1034, 804 cm-1.  HRMS (FAB+) exact mass calcʼd for 
C13H18N2O2S (M + 1) requires m/z 298.36, found m/z 299.1056. 
 
      
2-Ethyl-5-methyl-1-tosylpyrrolidin-2-yl)acetate (45). Ethyl 3-(4-
methylphenylsulfonamido)hept-6-enoate (50 mg, 0.154 mmol), Bi(OTf)3 (10 mg, 0.015 
mmol) and DCE (0.625 mL) were heated at 70 °C for 9 h to afford the product as a light 
yellow oil (43 mg, 86%).  1H NMR (300 MHz, CDCl3) anti diastereomer ! 7.75 (d, J = 8.3 
Hz, 2H, ArH), 7.28 (d, J = 8.3 Hz, 2H, ArH), 4.08-4.26 (m, 2H, OCH2CH3), 3.22-3.23 (m, 
1H, NCHCH2CO2Et), 2.42 (s, 3H, ArMe), 2.30-2.53 (m, 1H, NCHMe), 2.08-2.12 (m, 2H, 
NCHCH2CO2Et), 1.49-1.72 (m, 4H, NCHCH2CH2), 1.34 syn (d, 3H, J = 6.4 Hz, NCHMe), 
1.24-1.30 (m, 3H, OCH2Me), 1.13 anti (d, J = 6.4 Hz, 3H, NCHMe).  13C NMR (400 MHz, 
CDCl3) ! 171.6, 143.1, 139.3, 129.7, 127.2, 60.6, 56.7, 40.0, 31.0, 29.4, 23.5, 21.7, 20.7, 
14.4.  IR (neat) 2969, 2926, 2869, 1734, 1595, 1456, 1339, 1300, 1200, 1147, 1104 cm-
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C–H Arylation of Arenes and Heteroarenes with Palladium-
Carboxylate Catalysts: Identification of the Catalyst Resting State 

















I.1 Palladium-carboxylate-catalyzed Direct C–H Bond Arylation 
The direct functionalization of otherwise unreactive C–H bonds has 
become an attractive and useful strategy for synthesizing complex organic 
compounds.1,2 Direct C–H bond arylation reactions are more atom economical 
than traditional cross-coupling reactions due to circumvention of the requirement 
for preactivation of the nucleophilic coupling partner (Scheme 1).3 Additionally, 
these transformations have the potential to be very selective due to the inherent 
differences in reactivities of each C–H bond in an aromatic or heteroaromatic 
substrate.   
 
Due to the synthetic power of the direct C–H arylation of arenes and 
heteroarenes, there have been many important contributions in the development 
of the substrate scope to accommodate the functionalization of a wide variety of 
arene and heteroarene substrates. For these types of transformations, transition 
metals have comprised the most active and selective catalyst systems for direct 
C–H bond arylation reactions.4 However, owing to their reactivity, functional 





group compatibility and versatility, palladium-based catalysts have seen great 
application in recent years in the selective direct arylation of a variety of arene 
and heteroarene substrates.1  
 
Particularly, the development of palladium carboxylate-assisted C–H bond 
activation protocols utilizing halo and pseudo-haloarene donors has become one 
of the most active areas of research in arene and heteroarene direct C–H bond 
arylations (Scheme 2).5,6 Subsequently, palladium/pivalate systems have 
emerged as among the most reliable and powerful catalysts for the construction 
of biaryl compounds.  
 
I.2 Early Observations on the Importance of the Carboxylate Base in 
Palladium-catalyzed Direct C–H Arylations 
Years before mechanistic studies had been conducted on the role of the 
carboxylate/carbonate base in palladium-catalyzed direct C–H bond arylations of 
heteroarene substrates, palladium/carbonate catalyst systems have been used in 
the arylation of heterocycles as early as 1982 by the groups of Tajima7 and 
Ames.8 In 1992, this field was further developed with the use of a carboxylate co-
catalyst in the coupling of chloropyrazines with aromatic heterocycles by Ohta 





and coworkers.9 Our group observed the importance of the carboxylate base for 
palladium-mediated and palladium-catalyzed direct arylation processes. In a key 
step of the synthesis of the Teleocidin B-4 core,10 sodium acetate was required 
for the successful stoichiometric sp3 C–H bond functionalization (Figure 1A). Our 
group has also observed that use of a carboxylate base in palladium-catalyzed 
direct arylation reactions is crucial for efficient C–H bond arylation.11 For 
example, in studies of the catalytic palladium-catalyzed C2 arylation of indole 
derivatives, it was observed that carboxylate bases (Figure 1B, entry 5) afforded 
the most of the desired product and minimized the formation of biphenyl, the 
homocoupling product (Figure 2B). 
 90 
I.3 The Development of Palladium Pivalate-based Catalysts for Direct C–H 
Arylation Reactions 
 Expanding upon previous efforts in developing palladium 
carbonate/acetate-based catalyst systems, palladium pivalate-based catalysts 
have become among the most widely-utilized catalysts for the direct arylation of 




Figure 1. A/ Stoichiometric palladium(II) carboxylate mediated direct C–H 
functionalization in the synthesis of the Teleocidin B-4 core. B/ Importance of the 
carboxylate base in the palladium-catalyzed direct arylation of indole derivatives. 
 91 
pivalate co-catalyst in C–H activation, Larock and co-workers disclosed a novel 
1,4-palladium migration from ortho-iodobiaryls.12 They observed that a cesium 
pivalate additive was crucial to increase the ratio of the desired rearranged 
product to the typical Heck coupling product. 
 Later, the Fagnou group observed that pivalate cocatalysts were crucial 
for the intermolecular C–H arylation of benzene derivatives with haloarene 
donors.13 Other carboxylate cocatalysts proved less effective. Stoichiometric 
potassium pivalate was moderately effective as a base, while the best conditions 
involved potassium carbonate as the stoichiometric base with substoichiometric 
amounts of pivalic acid. Since then, many other groups have utilized palladium 
pivalate-based catalyst systems in the direct arylation of arenes and 
heteroarenes.5,6  
 
I.4 Proposed Mechanisms for the Palladium-carboxylate Catalyzed Direct 
C–H Arylation of Arenes 
 By analogy to traditional cross-coupling reactions with haloarene donors, 
the following catalytic cycle has been proposed (Scheme 3).13 Upon reduction of 
the palladium(II) precatalyst (e.g., Pd(OAc)2), the LnPd(0) I species undergoes 
oxidative addition to the aryl halide to generate the aryl-palladium(II) halide 
species II, which is not believed to be the species responsible in the metalation 
step of the arene substrate (supported by DFT calculations, discussed in section 
I.5.2). In order for metalation to occur, it was proposed that the halide must be 
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replaced with a carboxylate ligand to generate the proposed aryl palladium(II) 
carboxylate III, which is thought to facilitate the metalation of the substrate via a 
concerted metalation-deprotonation (CMD) mechanism. These types of 
deprotonations with metal/Lewis basic ligand systems are well-precedented with 
various other types of metals.14  
Upon metalation, the bis aryl palladium(II) species VI is formed, which 
then undergoes reductive elimination to generate the product VII and regenerate 
the LnPd(0) species 1. The stoichiometric base (e.g., K2CO3) serves as a proton 
sink for the pivalic acid that is formed upon metalation to drive the metalation, as 
well as a means to regenerate the carboxylate co-catalyst. 
 
 
Scheme 3. Catalytic cycle for the palladium-catalyzed direct C–H arylation of arenes 




Considerable attention has been focused on elucidation of the mechanism 
of the metalation step of direct C–H arylation reactions. For electron-rich arenes, 
two major mechanistic proposals for the metalation step have been made with 
regard to palladium carboxylate-catalyzed processes. One mechanism involves 
the simultaneous metalation of the C–H bond and deprotonation (CMD or !-
deprotonation) by a basic carboxylate ligand (Figure 2).15 This type of 
mechanism has been proposed to be operational for electron-deficient arenes 
(e.g., fluorobenzenes)16, as well. Another proposed mechanism involves a more 
electrophilic-type pathway (electrophilic metalation-deprotonation, EMD),17 which 
could be operational for more electron-rich aromatic systems (Figure 2). Although 
these two pathways are kinetically indistinguishable, the palladium(II) carboxylate 
species would still be crucial in both proposed mechanisms. 
 
 
                  
        
 





































Figure 2. Concerted metalation-deprotonation (CMD) and electrophilic metalation-
deprotonation (EMD) mechanisms for the direct C–H arylation of heteroarenes. 
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I.5. Mechanistic Studies on the Role of the Carboxylate in Metal-Pivalate C–
H Bond Arylation 
I.5.1 Experimental Support for the Role of the Carboxylate Palladium-
catalyzed Direct C–H Arylations 
Due to the importance of this transformation, considerable attention has 
been focused on the elucidation of the mechanism of the C–H metalation process 
facilitated by metal-carboxylates.18 In 2005, Sames and co-workers disclosed the 
first kinetic evidence for the involvement of a rhodium-pivalate in the C–H 
activation of indoles.19 With the use of trapping reagents (cesium pivalate and an 
aryl iodide) and 20 equiv of indole, a rhodium(III) pivalate complex produced the 
desired 2-phenylindole almost quantitatively.  
 
  
Although there have been studies on the mechanism of palladium 
carboxylate-assisted C–H arylation reactions, there has been no direct kinetic 
evidence for the involvement of a palladium(II) carboxylate in the C–H activation 
step. The studies by Fagnou20 and Echavarren21 (Figure 4) suggest that C-H 
bond acidity is an important factor determining the relative reactivity of 
substrates, which is consistent with the CMD mechanism.  
 
 
Figure 3. The first kinetic evidence for the involvement of a ruthenium-pivalate in the 






 Recently, mechanistic studies involving the synthesis of the proposed 
palladium(II) carboxylates have appeared in the literature during the course of 
our own mechanistic studies. Hartwig and co-workers have reported on the 
involvement of a phosphine-free palladium(II) pivalate species in the direct 
arylation of benzene derivatives (Figure 5A).22 Similarly, Fagnou23 reported 
studies on the direct arylation of pyridine N-oxides. In this study, while they found 
that the synthesized (tri-t-butylphosphine)Pd(Ar)OAc complex produced the 
coupled product in 49% yield, they were unable to isolate or characterize the 
catalyst resting state (Figure 5B). In both studies, no direct kinetic evidence was 
provided for the involvement of the palladium carboxylate in the metalation step. 
Moreover, the mechanism of the arylation of unactivated benzene substrates 
could be different from that of heteroarene substrates containing Lewis basic 
 
  
Figure 4. A/ Competition experiments by Fagnou demonstrate that the more acidic 
C–H bond is more reactive toward palladium carboxylate-catalyzed C–H arylation. B/ 
Intramolecular competition experiment by Echavarren indicating that aryation of the 
more acidic benzene C–H bond is more facile. 
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functionalities due to possible interactions with the catalyst; these interactions 
could affect the nature of the catalytic species. 
 
 
I.5.2 Density-Functional Theory Studies on the Mechanism of Palladium 
Carboxylate-catalyzed C–H Bond Arylation 
Many of the mechanistic studies on the role of the carboxylate in direct C–
H arylations have involved DFT calculations. In 2005, Macgregor and Davies 
published the first computational study on the ortho-metalation of 
dimethylbenzylamine with Pd(OAc)2.24 In this study, they found that the 
cyclometalation most likely proceeds via an agostic C–H complex (as opposed to 
       
 
Figure 5. A/ Mechanistic studies by Hartwig and coworkers on the intermediacy of a 
phosphine-free palladium pivalate in the direct arylation of benzene. B/ Reactivity 
studies of tri-t-butylphosphine-ligated palladium(II) acetate with pyridine N-oxide by 
Fagnou et al. 
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a Wheland intermediate), which is followed by a nearly barrierless intramolecular 
H-transfer via a six-membered transition state to an acetate ligand. 
Subsequently, Fagnou and Echavarren have independently performed 
calculations on palladium carbonate and carboxylate-based catalyst systems. 
Through DFT calculations, Echavarren21 determined that the inter- or 
intramolecular carboxylate-assisted C–H metalation process was much lower in 
energy than the bromide-assisted (without carboxylate) process (Figure 6A). 
Fagnou20 employed activation-strain analysis (also utilized by Houk25 and co-
workers to predict C–X bond reactivity in cross-coupling reactions) to predict 
accurately the reactivity of arene and heteroarene C–H bonds toward palladium-




Despite the considerable attention that had been devoted to elucidation of 
the mechanism of this process, there were critical aspects of the mechanism that 
had not yet been elucidated. Namely, experimental evidence describing the exact 
nature of the catalyst resting state in palladium carboxylate catalyzed C–H 
arylation processes had not been revealed. Additionally, while it was understood 
that pivalate co-catalysts were generally more efficient than acetate or carbonate 
co-catalysts in these processes, experimental support explaining the reasons for 
the differences in reactivities had not yet been provided.  
Thus, in this project, we pursued three major objectives: 1) Characterize 
the resting state of the catalyst in palladium carboxylate-catalyzed C–H arylation 
reactions through the spectroscopic examination of the reaction and independent 
 
  
Figure 6. A/ Calculations on the carbonate-assisted versus non-assisted intramolecular C–H 
metalation of benzene derivatives by Echavarren. B/ Activation-strain analysis of the 
palladium carboxylate-assisted arylation of arene and heteroarene C–H bonds by Fagnou. 
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synthesis of the relevant species; 2) Examine the reactivity of the relevant 
complexes with different carboxylate ligands and elucidate the role of the 
carboxylate ligand in the metalation of C–H bonds; and 3) Examine the reactivity 
of different heteroarene substrates with the relevant complexes. The systematic 
study of the palladium catalyst resting state has informed the design of more 
efficient catalytic protocols for the C–H arylation of challenging substrates (e.g., 
pyridines and azines) and may facilitate future catalyst design as well. 
 
II. Results 
II.1 Synthesis and Characterization of [(Cy3P)Pd(Ph)OPiv]2 
In the context of the proposed catalytic cycle for the C–H arylation of 
azoles (Figure 7) and benzenes (Scheme 3), we first prepared palladium pivalate 
complex 1a, as trialkylphosphine-palladium-pivalate catalyst systems have 
provided the best substrate scope for the C–H arylation of arenes and 
heteroarenes (see discussion above).6 Tricyclohexylphosphine-ligated 
palladium(II) pivalate complex 1a was synthesized using an adapted literature 
procedure and characterized (Figure 8).26 Complex 1a was present as a dimer in 
the solid state and in non-coordinating solvents, such as dichloromethane, with a 
31P NMR chemical shift of 42.5 ppm, which is consistent with literature values for 
dimeric palladium(II) carboxylate complexes. However, when 1a was dissolved in 
toluene, two 31P NMR signals were present, one at 43.5 ppm and another at 35.5 
ppm, indicating that in a "-coordinating solvent, complex 1a exists in an 
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equilibrium between the dimer and the solvent-stabilized monomer 1aʼ (Figure 
9).27 The assignment of structure 1aʼ is supported by the behavior of the dimer at 
higher temperatures in a "-coordinating solvent. At elevated temperatures (> 60 
°C) in toluene, the equilibrium is driven toward dimer 1a (Figure 9). In many 
cases, heating of a dimer promotes cleavage of the dimer to its corresponding 
monomeric species; the desolvation of monomer 1aʼ provides the driving force 
for the formation of dimer 1a at higher temperatures, which provides a good 
rationale for the representation of species 1aʼ as a solvated monomer as shown 
in Figure 9. 
 
                             
 























Figure 9. Equilibrium between 1a and 1aʼ in d8-toluene, a "-coordinating solvent, 
from 25  # 80 °C. [1a]0= 0.006 M. 
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II.2 Reactivity of Complex 1a with Electron-deficient Benzene Substrates 
 With the synthesized palladium(II) pivalate complex 1a in hand, we next 
turned our focus to studies on its reactivity in C–H activation. Our initial studies 
concerned the arylation of electron-deficient fluorinated benzene derivatives with 
our synthesized complex 1a. These substrates are known to be activated in the 
context of palladium-catalyzed, carboxylate-assisted direct arylation reactions13 
and were thus desirable for kinetic studies (Figure 10). The substrate 
pentafluorobenzene was selected due to its particularly high reactivity  toward 
direct C–H arylation. 
 
Complex 1a could react with pentafluorobenzene through one of a number 
of mechanisms that could be distinguished kinetically. Pentafluorobenzene could 
react directly with complex 1a (Scheme 4, pathway I). In this case, first order 
reaction kinetics in the dimer would be expected. Alternatively, in the absence of 
a strongly-coordinating substrate, cleavage of the dimer could be rate limiting, if 
the subsequent C–H metalation is relatively fast (Scheme 4, pathway II). Another 
scenario involves the reversible dissociation of the dimer to the solvent-stabilized 
monomeric species, followed by metalation of pentafluorobenzene (Scheme 4, 
 
      
 
Figure 10. Direct arylation of pentafluorobenzene using a palladium/pivalate catalyst 
system by Fagnou et al (2006). 
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pathway III). In this case, half-order kinetics in dimer 1a would be expected. This 




Under single-turnover conditions employing typical catalytic reaction 
stoichiometries, the reaction of complex 1a with pentafluorobenzene (40 equiv, 
relative to the dimer) was monitored by 31P NMR in d8-toluene (0.0125 M) using 
bromobenzene (20 equiv, relative to the dimer) as a trapping reagent for the 
palladium(0) species that forms during the course of the reaction. Toluene was 
selected for kinetic studies due to the relatively higher solubility of complex 1a in 
Scheme 4. Possible reaction scenarios of complex 1a with pentafluorobenzene that 
could be kinetically distinguished. 
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toluene versus N,N-dimethylacetamide. Both N,N-dimethylacetamide and toluene 
are common solvents used in direct arylation protocols.  
 At room temperature, complex 1a existed as an equilibrium consisting of 
the dimer 1a and the solvent-stabilized monomer 1aʼ (Figure 9). Upon exposure 
to pentafluorobenzene, the equilibrium mixture of 1a and 1aʼ was still present. 
When the mixture was heated to the reaction temperature (65 °C), the 31P NMR 
peak corresponding to the monomer quickly disappeared and only dimer 1a was 
observed. Data collection began once the mixture had converted solely to the 
dimer. The reaction of 1a was monitored by 31P NMR at fixed time-points (every 3 
min) throughout the course of the experiment. kobs was extracted via an 




     
 
Figure 12. Reaction of 1a (1 equiv) with pentafluorobenzene (20-40 equiv) in d8-toluene 
(0.0125 M) with bromobenzene (20 equiv) as a trapping reagent. The reaction 




Figure 11. Reaction of 1a (1 equiv) with pentafluorobenzene (40 equiv) in d8-toluene 
(0.0125 M) with bromobenzene (20 equiv) as a trapping reagent. The reaction 
displayed first order kinetics. Yields were determined by 1H-NMR, based on dimer 1a. 
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The reaction displayed first-order reaction kinetics in complex 1a with a 
kobs of 2.9 x 10-4 s-1 and gave a 77% yield (1H NMR, based on 1a) of the coupled 
biaryl product (Figure 11). Additionally, the rate of the reaction showed no 
dependency on the number of equivalents of pentafluorobenzene (Figure 12). 
The observed reagent dependencies are most consistent with pathway II 
(Scheme 4). This indicates that cleavage of the dimer is a slow step in the 
metalation of pentafluorobenzene under these conditions. Since the equilibrium 
favors the dimer at elevated temperatures and pentafluorobenzene would not be 
expected to interact strongly with the palladium(II) center, it is reasonable that 
cleavage of the dimer would be a non-trivial step in the stoichiometric reaction. 
Thus, we were not able to observe the metalation step directly. Attempts to study 
the kinetics of the reaction in a 1:1 mixture of pentafluorobenzene and toluene 
was not realized due to lack of solubility of dimer 1a, even at the reaction 
temperature. 
As we were not able to observe the metalation step directly using 
pentafluorobenzene as a substrate, we decided to change our focus to other 
classes of substrates. The presence of an equilibrium between dimer 1a and 
monomer 1aʼ was problematic for the purpose of studying the metalation step, 
since dimer cleavage is incomplete with non-coordinating substrates. Thus, we 
decided to turn our focus to the study of the metalation of heteroarenes, which 
would be expected to drive the equilibrium to the substrate-coordinated 
monomeric palladium(II) pivalate species. We hypothesized that this would aid in 
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the direct observation of the metalation step through the formation of a single 
palladium pivalate species. Additionally, heteroarene substrates are far more 
prevalent in a wide variety of important complex molecules, many of which 
feature biological activity. A more complete understanding of the mechanism of 
heteroarene arylation would be more useful in the design of more efficient 
catalysts. 
 
II.3 Behavior of Complex 1a with Heteroarene Substrates 
We next focused our study on the arylation of heteroarenes, which are 
systems that are of particular interest for synthetic chemists due to the ubiquity of 
heteroarenes in many biologically active compounds. Specifically, we examined 
the reactivity of this complex with highly reactive azole substrates. 2-i-Butyl and 
2-methylthiazole were selected for kinetic studies due to their good reactivity and 
high regioselectivity (C5-arylation). 
 
 
When a toluene solution of 1a was treated with an excess of 2-isobutyl- or 
2-methylthiazole, the dimer ($, 42.5 ppm) was completely converted to a new 
compound ($, -70 °C, 34.2 ppm). In the case of the i-butylthiazole-ligated 





complex, we were unable to grow a crystal suitable for x-ray diffraction. However, 
the complex with 2-methylthiazole was able to be crystallized and its structure 
solved to reveal the new species 2a as a square planar phenyl palladium(II) 
pivalate complex bound to 2-methylthiazole via the nitrogen (Figure 13). 
Importantly, this establishes that there is significant interaction between the 3-
coordinate phenyl-palladium(II) pivalate center and a heteroaromatic substrate 
through a Lewis basic nitrogen. Thus, 2-methylthiazole was selected for further 
kinetic studies. 
 
     
  





In solution at room temperature, free 2-methylthiazole exchanges rapidly 
with the palladium-bound azole (Figure 14). When the toluene solution was 
cooled to –70 °C, distinctive peaks of the bound 2-methylthiazole could be 
resolved; the proton adjacent to the nitrogen was shifted further downfield and 
the proton adjacent to the sulfur further upfield (Figure 15). This exchange 
equilibrium may have important ramifications on the reactivity of the palladium 
catalyst as well as Lewis basic nitrogen-containing heterocycles. For example, a 
substrate that binds more tightly to the palladium(II) pivalate complex may also 




Figure 14. Solution behavior of complex 2a in the presence of 7 equiv of 2-





In a toluene solution in which the palladium/thiazole stoichiometry was 1:1, 
an exchange equilibrium (KD = 0.02, [Pd]0 = 0.05 M, [thiaz]0 = 0.05 M at 25 °C, 
equation 1) between the bound and unbound thiazole was observable at room 
temperature by 1H NMR (Figure 16). Upon heating the 1:1 mixture to 80 °C, the 
equilibrium shifted to favor more of the unbound thiazole (KD = 0.14), suggesting 
that at 80 °C, more of the thiazole is dissociated from 2a (Figure 17). However, at 
 
  
Figure 15. Solution behavior of complex 2a in the presence of 7 equiv of 2-
methylthiazole from at -70 °C. The slow exchange limit is at approximately -70 °C, 
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80 °C with a 10 to 20-fold excess of thiazole substrate, dimer 1a was never 
observed, and most of the palladium species is present as the thiazole-bound 2a. 
In contrast, heating complex 1a to 80 °C without a heteroaromatic substrate 
resulted in disappearance of 1aʼ in favor of the formation of dimer 1a. 2-





Figure 16. 1H NMR of a 1:1 mixture of palladium pivalate and 2-methylthiazole. The 
KD at 25 °C is 0.02, as determined by 1H NMR. See the experimental section for the 







II.4 Reactivity of 2a in the Direct C5 Metalation of 2-Methylthiazole 
We next examined the reactivity of complex 2a under non-catalytic 
conditions; the palladium/heteroarene stoichiometry used in a typical catalytic 
reaction was applied (Figure 18). Dimer 1a was treated with 40 equivalents of 2-
methylthiazole ([Pd] = 0.05 M), which gave complex 2a exclusively as before 
(Figure 18A). The rate of conversion of 2a was monitored by 31P NMR and data 
points were collected during the course of the reaction via an automated data 
 
  
Figure 17. 1H NMR of a 1:1 mixture of palladium pivalate and 2-methylthiazole at 80 




collection program. The reaction of 2a with 2-methylthiazole clearly displays first 
order kinetics (kobs of 2.2 (+/- .2) x 10-4 s-1) in the decay of 2a, which provides 
evidence for the involvement of 2a in the rate-limiting C5 metalation of 2-
methylthiazole.  
Bromobenzene (20 equivalents) was used as a trapping reagent for the 
newly formed Pd(0) species to minimize the known decomposition of Pd(II) 
complexes in the presence of coordinatively-unsaturated Pd(0) species.28 The 
initial rates of reactions with and without the trapping reagent were nearly 
identical. With the use of bromobenzene as a trapping reagent, yields of 85-95% 
of the coupled product 3 were obtained (1H NMR). Formation of bromide 4, the 
oxidative addition product, was observed as well (under these conditions in the 
absence of pivalate base, complex 4 does not transfer the phenyl ring to the 








Figure 18. C–H arylation of 2-methylthiazole by complex 2a under non-catalytic 
conditions afforded coupled product 3. A/ Reaction conditions: 2a (1 equiv, formed in 
situ), 2-methylthiazole (20 equiv), bromobenzene (10 equiv, trapping agent) and d8-
toluene (0.05 M). B/ Kinetics of the conversion of complex 2a. The decay of 2a to 3 
and 4 was monitored by 31P NMR. An exponential curve fit indicates first order 
kinetics for the conversion of 2a. Yields were determined by NMR and are an average 









 kobs vs [Thiaz] 
Equiv [Thiazole] kobs (s-1) 
10 0.5 0.00012 
15 0.75 0.0002 
20 1.0 0.00022 
30 1.5 0.00044 
  
Figure 19. Determination of order in 2-methylthiazole. A linear increase in kobs vs 
[thiazole] was observed, indicating a first-order dependence on the concentration of 
2-methylthiazole. Reaction conditions: 2a (1 equiv, formed in situ), 2-methylthiazole 
(10-30 equiv), bromobenzene (10 equiv, trapping agent) and d8-toluene (0.05 M). 





 Next, the concentration of 2-methylthiazole was varied (10 – 30 equiv) in 
order to determine the order in substrate. The metalation of 2-methylthiazole 
clearly displays first order kinetics in substrate (Figure 19). Thus, the rate law can 
be defined as %= kobs[2a][Thiaz]. These data are most consistent with scenario I, 
in which the 4-coordinate 2a reacts intermolecularly with an equivalent of 2-
methylthiazole. Scenario II involves the dissociation of the bound thiazole from 2a 





to form the three-coordinate species 1aʼ, which then reacts with a molecule of 
free 2-methylthiazole. Invoking the pre-equilibrium approximation, which is valid if 
most of the complex is in the form 2a (established by determination of KD), the 
derived rate law would be expected to display first order kinetics in 2a and zero 
order kinetics in 2-methylthiazole, which is inconsistent with our data. Scenario III 
involves the direct deprotonation of the bound thiazole, followed by ligand 
isomerization to generate the C–H metalated species which then can undergo 
reductive elimination to generate the coupled product 3. This pathway would also 
be expected to display first order kinetics in 2a and zero order kinetics in added 
2-methylthiazole, which is also not in agreement with our data.  
  
II.5 K of Halide Exchange with Complexes 1a, 2a and 5a  
 An important step in the catalytic cycle for the direct C–H arylation of 
arenes and heteroarenes is the exchange of the monophosphine-palladium(II) 
halide with a carboxylate ligand. This step generates the monophosphine-
palladium(II) carboxylate, which is the active species proposed to be involved in 
the metalation step (Figure 20). Thus, we examined the exchange equilibrium 




Dimer 1a ([Pd]0 = 0.0015 M) produced a complex mixture of dimeric and 
monomeric palladium(II) pivalate and bromide when treated with 1 equiv of 
tetrabutylammonium bromide in toluene (0.0015 M solution). Increasing the 
number of equivalents of tetrabutylammonium bromide resulted in an increasingly 
insoluble mixture. We have observed that [(PCy3)Pd(Ph)Br]2 is far less soluble in 
toluene than the corresponding palladium(II) pivalate dimer. 
To address issues with the solubility of the complex, complexes 5a 
(synthesized by adding 1 equivalent of tricyclohexylphosphine to 1a) and 2a 
(made in situ via reaction of 1a and 20 equiv of 2-methylthiazole) were 
synthesized in a solution of toluene. Complex 5a, present as a single species in 
toluene, was then treated with 1 equiv of tetrabutylammonium bromide and the 
equilibrium constant was calculated. The same calculation was performed for 
complex 2a. Equilibria between the PCy3- and thiazole-ligated pivalate and halide 
complexes are summarized in Figure 21. The presence of a heterocycle in 2a 
appears to drive the equilibrium in favor of the carboxylate, which could have 
important ramifications for the overall catalytic reaction in terms of overall 
efficiency of the reaction. It should also be noted that the equilibrium will change 
 
         
   
Figure 20. Halide-carboxylate exchange in palladium-catalyzed direct C–H 
arylation reactions.  
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at 100 °C (the temperature of the catalytic reaction), which would explain the 






II.6 Identification of the Resting State of the Catalyst and Relevance to the 
Catalytic Reaction 
We next examined the relevance of this complex to the catalytic reaction. 
Monitoring the catalytic reaction by 31P NMR shows that 2a is, indeed, the resting 
state of the catalyst (Figure 22A). The other species detected in the phosphorus 
NMR are tricyclohexylphosphine oxide (originating from reduction of the 
Pd(OAc)2 precatalyst) and complex 4. The same species were present in the 
catalytic reaction employing 2a as the catalyst (Figure 22B), except without 
  
 
Figure 21. Equilibria at 25 °C between 1a, 2a, and 5a and the corresponding 
palladium(II) bromide complexes. 
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tricyclohexylphosphine oxide. No bis-ligated phosphine species or 
tricyclohexylphosphine oxide was observed, indicating that 
tricyclohexylphosphine remains ligated to palladium throughout the reaction and 
our complex is indeed relevant for kinetic studies on metalation. Bromide 
complex 4 is in equilibrium with 2a and can be considered to be part of a single 
resting state; this observation further demonstrates its importance in the 
formation of the active complex involved in metalation under catalytic conditions 






Figure 22. 31P NMR confirms complex 2a as a resting state of the catalyst in 
reactions A and B. Additionally, 4 is present, indicating that carboxylate exchange 
could be another important factor in optimization of palladium carboxylate-catalyzed 




Complex 2a is a competent catalyst for the C–H arylation of 2-
methylthiazole (catalytic conditions, Table 1). When 2a (formed in situ from 1a) 
was used as the catalyst in the direct arylation of 2-methylthiazole with 
bromobenzene, it was found that the reaction was complete in 12 h with a slightly 
higher isolated yield as compared to a catalyst system derived from Pd(OAc)2 
and PCy3 (see Figure 23 for the percent yield versus time). In the latter scenario, 
palladium(II) reduction took a considerable amount of time due to lack of a strong 
reducing agent in the reaction conditions.29  
Table 1. Comparison of C–H arylation catalysts in the catalytic arylation of 2-
methylthiazolea 
 
               
 
aGeneral reaction conditions: 2-methylthiazole (1 equiv), bromobenzene (1.5 
equiv), Pd(OAc)2 (5 mol %), PCy3 (7.5 mol %), acid (30 mol %), K2CO3 (3 
equiv), toluene (1 M) at 100 °C for 18 h. b5 mol % of 1a and 25 mol% of PivOH 




Through our structural and kinetic studies, we have established complex 
2a as the resting state of the catalyst and demonstrated its involvement in the 
rate-limiting metalation step of the arylation of 2-methylthiazole. The thiazole 
substrate is bound to the palladium center in a dynamic exchange equilibrium. 
According to the results of the kinetics experiments, 2a reacts with another 
                            
          
 
Figure 23. Comparison of reaction profiles of 1a and Pd(OAc)2/PCy3 A/ 
Standard catalytic reaction involving 1a as the catalyst. B/ Catalytic 
reaction with Pd(OAc)2/PCy3 catalyst. Yields are isolated. Conversion to 
product was obtained based on the ratio of starting material to product 
then normalized to the isolated yield. 
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unbound thiazole molecule in a bimolecular process that leads to heteroarene 
ring metalation. 
  
II.7 Comparison of the Reactivity of Palladium Carboxylates in Azole C–H 
Arylation 
Although it is known that palladium-pivalate-based catalysts are generally 
more efficient than palladium-acetate-based catalysts in C–H arylation reactions 
with haloarene donors (confirmed here in Table 1), the reason for the differences 
in reactivity had not been elucidated.23 To investigate the role of the carboxylate 
ligand, we prepared complexes 2b (acetate) and 2c (benzoate), and compared 
their reactivity to that of 2a (pivalate) in the C–H arylation of 2-methylthiazole 
under non-catalytic conditions (Figure 24).  
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The synthesis of the benzoate dimer 1c was straightforward as in the case 
of 1a (not shown here, see the experimental section), however acetate dimer 1b 
displayed some instability even in its isolation.30 Tricyclohexylphosphine oxide 




Figure 24. A/ Comparison of palladium pivalate 2a, acetate 2b and benzoate 2c in 
the reaction with 2-methylthiazole under non-catalytic conditions. Reaction conditions: 
2 (1 equiv), 2-methylthiazole (20 equiv), bromobenzene (10 equiv, trapping reagent) 
and d8-toluene (0.05 M). B/ Reaction kinetics of the conversion of 2 to 3, 4, and 5. 
Acetate complex 2b displays similar reaction kinetics in comparison to pivalate 2a, 
but lower stability. Benzoate 2c reacts much more slowly than 2a and 2b. The 
kinetics experiments were set up in the same way as in section II.4. However, in order 
to monitor the formation of the small amounts of side products by 31P NMR, shorter 
delay times were used. 
 127 
at room temperature (in addition to dimer 1b and the solvent-stabilized 
monomer), even after repeated attempts at purification. When a toluene solution 
of 1b (without a heterocyclic substrate) was heated to 60 °C, all species 
equilibrated to the dimeric species 1a, except for the phosphine oxide.  
While benzoate complex 2c was practically unreactive, pivalate 2a was 
substantially more efficient than acetate 2b in terms of the yield of bi-aryl product 
3. These results are consistent with the findings under catalytic conditions (Table 
1). Interestingly, complexes 2a and 2b show similar rates of decay. In fact, 
acetate complex 2b decays at a slightly faster initial rate, which is due to rapid 
formation of the bis-phosphine complex 5b in addition to desired products 3 and 
4. Importantly, complex 5b is not reactive under the same reaction conditions and 
does not catalyze the C–H arylation reaction. In contrast, pivalate complex 2a 
gives only traces of the corresponding bis-phosphine complex 5a (Figure 24A). 
While the presence of 5b in the amount of 10% in the first turnover may not be a 
dramatic effect, after multiple turnovers the amount of active catalyst would be 
expected to be greatly diminished. Approximately 50% of the catalyst would be 
deactivated after only six turnovers. 
 Thus, the greater efficiency of pivalate complex 2a in comparison to 
acetate 2b is not due to faster metalation rates, but instead can be attributed to 
the greater stability of 2a, revealing the pivalate ligand as a better stabilizing 
element. It is evident that a certain basicity is required for efficient C–H activation 
to occur, as clearly demonstrated by the low reactivity of palladium benzoate 2c. 
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However, when comparing the palladium pivalate with the acetate in the C–H 
arylation reaction, the basicity differences between the two carboxylates may not 
be as important as the ability of the pivalate ligand to stabilize the catalyst by 
diminishing the formation of the inactive bis-phosphine palladium species. The 
stabilization of the palladium catalyst is likely related to both the steric and 
electronic properties of the carboxylate ligand. 
 
II.8 Comparison of the Reactivity of Bulky Palladium Carboxylates in the C–
H Arylation of Less-reactive Pyridine Substrates 
Pyridines and azine substrates have typically presented challenges in C–
H arylation reactions. A generally accepted reason for this difficulty has been 
catalyst deactivation via the coordination of Lewis basic substrates to palladium 
centers as well as lower acidity of the C–H bonds in these substrates. One 
approach to circumvent this issue has been through the design of bulky 
trialkylphosphine ligands that are believed to be better able to protect palladium 
catalysts from decomposition. In light of our observation that pivalate co-catalysts 
are superior to acetate co-catalysts due to increased catalyst stability in the 
presence of Lewis basic substrates, we hypothesized that an even bulkier 
carboxylate could provide enhanced stability in the presence of pyridine 
substrates (Scheme 6).  
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Thus, the palladium-2,2-dimethylhexanoate complex 1d was synthesized 
to test this hypothesis. As before, 1d was present as a dimer in non-coordinating 
solvents. Upon treatment with 2-methylthiazole, the corresponding heteroarene-
bound adduct (Scheme 7) was formed (as seen with the analogous palladium 
pivalate complex).  
 
Despite having a slightly higher pKa (5.05) as compared to the 
corresponding pivalate,31 the rates of metalation should be similar due to our 
previous observations comparing the reactivities of 2a and 2b with 2-
methylthiazole. Indeed, similar metalation rates (kobs = 2.02 x10-4 s-1) were 
observed in the arylation of 2-methylthiazole with 2d as compared to 2a. 
However, the increased steric bulk should further protect the palladium center 
from decomposition. Additionally, 2,2-dimethylhexanoate-based palladium 
Scheme 7. Reaction of 1d with 2-methylthiazole in d8-toluene to form 2d. 
  
           
 
 
Scheme 6. Substitution of pivalate ligand with bulkier 2,2-dimethylhexanoate for 






catalysts could feature enhanced reactivity in toluene due to the increased 






        
 
Figure 25. Comparison of palladium pivalate 7a and palladium 2,2-
dimethylhexanoate 7b in the reaction with 3-fluoropyridine under non-catalytic 
conditions. Reaction conditions: 6 (1 equiv), 3-fluoropyridine (20 equiv), 
bromobenzene (10 equiv, trapping reagent) and d8-toluene (0.05 M). The initial rates 
were nearly identical.  
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In order to test our stability hypothesis with 1a and 1d, we next explored 
the metalation of the more basic and less reactive substrate 3-fluoropyridine. As 
before, 7a and 7b were formed in situ via the treatment of dimers 1d and 1a, 
respectively, to the appropriate pyridine substrate. In the arylation of 3-
fluoropyridine, the metalation rates were nearly identical and the product mixtures 
were identical (Figure 25).  The same was true in the case of the metalation 4-
cyanopyridine and 3-nitropyridine (Figure 26). Overlap of the peaks in the 31P 
NMR of the starting material 2,2-dimethylhexanoate complex and palladium 
bromide product prevented us from obtaining the full kinetic trace of the decay of 
the complex as before; however the conversions and product distributions with 
       
 
Figure 26. Comparison of 2,2-dimethylhexanoate and pivalate ligands in the direct 
arylation of electron-withdrawing group-substituted pyridines (under non-catalytic 
conditions). Standard conditions: 7 (1 equiv), pyridine (20 equiv), PhBr (10 equiv) in d8-
toluene (0.05 M) at 90 ºC. Yields were determined by 1H NMR based on the pyridine-
bound palladium carboxylate complex. 
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the 2,2-dimethylhexanoate complex were identical to those of the pivalate 
complex.  
In contrast, the analogous acetate complex simply decomposed without 
affording coupled product upon heating to 90 °C with 3-nitropyridine in toluene. 
From these data, it appears that increasing the steric bulk from the pivalate 
ligand to a 2,2-dimethylhexanoate ligand does not afford additional advantages in 
the rates of metalation nor catalyst stability (at least in the first turnover). 
However, increasing the solubility of the carboxylate through the elongation of the 
alkyl chain could facilitate the palladium(II) bromide-carboxylate exchange step 
by increasing the concentration of the available carboxylate. 
 
III. Conclusions and Future Directions 
 In conclusion, we have provided direct kinetic evidence for the 
involvement of a palladium(II) pivalate moiety in the C–H arylation of azole 
heteroarenes. Through these mechanistic studies, we were able to show that 
complex 2a is, indeed, the resting state of the catalytic in the direct C–H arylation 
of 2-methylthiazole. The kinetics are consistent with a mechanistic model in 
which the rate-limiting metalation occurs via the reaction of the thiazole-bound 
complex 2a with another equivalent of an unbound thiazole molecule. Most 
importantly, in conjunction with our stoichiometric studies of the reactivities of our 
palladium(II) carboxylate complexes (1a-d and 2a-c) and our spectroscopic 
examination of the catalytic reaction, we have provided mechanistic insight that is 
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directly relevant to the catalytic reaction. Thus, these concepts should be able to 
be applied to actual catalytic systems and afford improvements in catalyst design 
and efficiency. 
 
The carboxylate ligand has been confirmed to be important in the 
metalation of heteroaromatic substrates. However, the basicity of the aliphatic 
carboxylate ligand31 has little effect on the rate of metalation (summarized in 
Scheme 8). Instead, the stability of the tricyclohexylphosphine-aryl-palladium(II) 
carboxylate complex appears to be a more important factor in the efficiency of 
catalytic direct C–H bond arylations of heteroaromatic substrates. Thus, bulkier 
carboxylates (e.g., pivalate and 2,2-dimethylhexanoate) should see the most 
success in direct arylation protocols (compared to the corresponding acetate- or 
carbonate-based catalysts), which has already been demonstrated in our 





Scheme 8. Summary of the effect of the basicity of the carboxylate ligand on C–H 
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V. Experimental Section 
Part A. General Considerations 
All manipulations were conducted in an argon-atmosphere dry box, unless 
otherwise noted.  Nuclear Magnetic Resonance spectra were recorded on a 400 
Fourier transform NMR spectrometer.  Proton chemical shifts are expressed in 
parts per million (ppm, δ scale) and are referenced to residual protium in the 
NMR solvent (CD2Cl2, δ 5.32, CDCl3, δ 7.26  or d8-toluene, δ 2.09).  Data for 1H 
NMR are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, m = multiplet and/or multiple resonances, br = broad), 
coupling constant (J) in Hertz, and integration.  Carbon chemical shifts are 
expressed in parts per million (ppm, δ scale) and are referenced to the carbon 
resonance of the NMR solvent (CD2Cl2, δ 54.0 or d8-toluene, δ 137.9).  
Phosphorus chemical shifts are expressed in parts per million (ppm, δ scale) and 
are referenced to the external standard of 85% H3PO4 (δ 0.0).  All reagents were 
obtained from commercial sources, stored in the glovebox and used without 
further purification. [(Cy3P)Pd(Ph)(OH)]2,1 and [(Cy3P)Pd(Ph)(OBz)]22 1c were 
synthesized according to literature procedures.  
 
Part B. Preparation of 1-6 
 
Complex 1a, [(Cy3P)Pd(Ph)(OPiv)]2: Using a modified literature procedure2 in 
the glovebox, an oven-dried vial was charged with [(Cy3P)Pd(Ph)(OH)]2 (100 mg, 
0.10 mmol), pivalic acid (48 mg, 0.47 mmol) and benzene (9.4 mL).  The vial was 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 The preparation of [(Cy3P)Pd(Ph)(OH)]2 has been reported: Grushin, V. V.; Alper, H. 
Organometallics 1993, 12, 1890. 
















capped and shaken for several minutes until the mixture became a light yellow 
solution.  Solvent was removed on hi-vac, and the resulting light yellow solid was 
washed with two 1-mL portions of hexane to remove excess pivalic acid.  The 
resulting off-white solid was placed under hi-vac to remove excess solvent to 
afford 80 mg of a white solid (71%). 1H NMR (400 MHz, CD2Cl2) δ 7.34 (d, J = 
6.9 Hz, 2H), 7.05-6.83 (m, 3H), 1.95-1.84 (m, 9H), 1.78-1.75 (m, 6H), 1.69-1.67 
(m, 3H), 1.57-1.48 (m, 6H), 1.34-1.16 (m, 9H), 1.13 (s, 9H). 13C NMR (75 MHz, 
CD2Cl2) δ 196.5, 144.6, 135.9, 127.7, 124.4, 40.4, 34.6, 34.3, 30.1, 28.1, 28.0, 
27.7, 26.8. 31P NMR {1H} (160 MHz, CD2Cl2) δ 42.8. Crystals suitable for x-ray 




Complex 1b, [(CyP3)Pd(Ph)(OAc)]2: In the glovebox, an oven-dried vial was 
charged with [(Cy3P)Pd(Ph)(OH)]2 (60 mg, 0.062 mmol), acetic acid (22 mg, 0.37 
mmol) and benzene (5.7 mL).  The vial was capped and shaken until the mixture 
became a light yellow solution.  Solvent and acetic acid were removed on hi-vac. 
Hexanes was added, then removed by hi-vac to afford 40 mg (63%) of a white 
solid.  The complex in solution was an equilibrium mixture of 1b and bis-
phosphine adducts.3  1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.0 Hz, 2H), 6.93-
6.91 (m, 3H), 2.00 (s, 3H), 1.94-1.67 (m, 18H), 1.58-1.51 (m, 6H), 1.26-1.12 (m, 
9H). 31P NMR {1H}  (160 MHz, CDCl3) δ 43.7 ppm.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Bis-phosphine acetate complexes are known to spontaneously generate phosphine 
oxide in the presence of trace amounts of water, see: Amatore, C.; Carré, E.; Jutand, A.; 

















Complex 1d, [(CyP3)Pd(Ph)(O(2,2-dimethylhexanoate))]2: In the glovebox, an 
oven-dried vial was charged with [(Cy3P)Pd(Ph)(OH)]2 (100 mg, 0.103 mmol), 
2,2-dimethylhexanoic acid acid (68 mg, 0.47 mmol) and benzene (9.6 mL).  The 
vial was capped and shaken until the mixture became a light yellow solution.  
Solvent was removed on hi-vac. The solid was washed with acetone (due to the 
increased solubility of the complex in hexanes), then excess solvent was 
removed by hi-vac to afford 62 mg (51%) of an off-white solid. 1H NMR (400 
MHz, CD2Cl2) δ 7.35 (d, J = 6.0 Hz, 2H), 6.95-6.93 (m, 3H), 1.95-1.66 (m, 18H), 
1.60-1.42 (m, 9H), 1.31-1.10 (m, 12H), 1.07 (s, 6H), 0.91 (t, J= 6.7 Hz, 3H). 31P 
NMR {1H}  (160 MHz, CD2Cl2) δ 44.3 ppm.  
 
 
Complex 2a, (Cy3P)(2-Methylthiazole)Pd(Ph)(OPiv): In the glovebox, a J-
Young NMR tube was charged with [(Cy3P)Pd(Ph)(OPiv)]2 1a (7.0 mg, 0.006 
mmol), 2-methylthiazole (8.3 mg, 0.084 mmol) and d8-toluene (0.5 mL).  By 31P 
NMR, all of the dimer had converted to the 2-methylthiazole-coordinated 
monomer 2a. 1H NMR (400 MHz, d8-toluene, 25 °C) δ 7.59 (d, J = 8.0 Hz, 2H), 
7.50 (d, J = 4.0 Hz, 7H, free 2-methylthiazole), 6.93-6.89 (m, 2H), 6.81-6.78 (m, 
1H), 6.50 (d, J = 4.0 Hz, 7H, free 2-methylthiazole), 2.38 (s, 21H, free 2-
methylthiazole), 2.10-1.96 (m, 6H), 1.76-1.60 (m, 18H), 1.22 (s, 9H), 1.16-1.06 
(m, 9H). 1H NMR (400 MHz, d8-toluene, –70 °C) δ 7.85-7.83 (m, 1H, bound 2-
methylthiazole), 7.75-7.73 (m, 2H), 7.51 (d, J = 4.0 Hz, 6H, free 2-
























free 2-methylthiazole), 5.93 (d, J = 3.1 Hz, 1H, bound 2-methylthiazole), 2.85 (s, 
3H, bound 2-methylthiazole), 2.23 (s, 18H, free 2-methylthiazole), 1.79-1.65 (m, 
21H), 1.39 (s, 9H), 1.08-0.92 (m, 12H). 31P NMR {1H} (160 MHz, d8-toluene, 298 
K) δ 34.2. Crystals suitable for x-ray analysis were grown from a saturated 
solution of 2a in methylene chloride at "20 oC. 
 
 
Complex 2b, (Cy3P)(2-Methylthiazole)Pd(Ph)(OAc): Complex 1b behaved 
similarly to 1a upon treatment with 2-methylthiazole in d8-toluene.  In the 
glovebox, a J-Young NMR tube was charged with [(Cy3P)Pd(Ph)(OAc)]2 1b (6.2 
mg, 0.006 mmol), 2-methylthiazole (4.2 mg, 0.042 mmol) and d8-toluene (0.5 
mL).  By 31P NMR, all of the dimer had converted to the 2-methylthiazole-
coordinated monomer 2b. 1H NMR (400 MHz, d8-toluene, 25 °C) δ 7.56-7.55 (m, 
5.5H, free 2-methylthiazole and ortho-phenyl protons), 6.91-6.88 (m, 2H), 6.81-
6.78 (m, 1H), 6.50 (d, J = 4.0 Hz, 3.5H, free 2-methylthiazole), 2.41 (s, 10.5H, 
free 2-methylthiazole), 2.08-1.98 (m, 3H), 1.98 (s, 3H), 1.77-1.63 (m, 18H), 1.26-
1.09 (m, 12H). 31P NMR {1H} (160 MHz, d8-toluene, 298 K) δ 35.0.  Upon 
exposure to 7 equivalents of 2-methylthiazole, 1b formed 2b as well as small 
amounts of bis-ligated adducts. Additionally, in the kinetics experiment in which 
20 equivalents of 2-methylthiazole are used, small amounts (3%) of the bis-


















Complex 6, trans-[(Cy3P)Pd(Ph)(Br)]2: In the glovebox using a modified 
literature procedure,4 an oven-dried vial with Teflon cap and stir bar was charged 
with [(Cy3P)Pd(Ph)(OPiv)]2 1a (50 mg, 0.044 mmol), LiBr (77 mg, 0.885 mmol) 
and acetone (0.45 mL).  The vial was capped and stirred at room temperature for 
12 h. The solvent was removed by hi-vac and the light yellow solid was washed 
with water (~2 mL), acetone (1 mL) and hexane (1 mL) to afford a white solid (15 
mg, 30%). 1H NMR (400 MHz, C6D6) δ 7.75 (d, J = 6.2 Hz, 2H), 7.09-7.05 (m, 
2H), 6.95-6.92 (m, 1H), 1.96-1.49 (m, 9H), 1.63-1.49 (m, 15H), 1.20-0.84 (m, 9H). 
13C NMR (75 MHz, d8-toluene) δ 152.8, 137.4, 127.7, 123.5, 35.8, 35.6, 30.8, 
28.3, 28.1, 27.1. 31P NMR {1H}  (160 MHz, C6D6, 298K) δ 36.3 (trans isomer), 
33.2 (cis isomer). 
 
Complex 4, (Cy3P)(2-methylthiazole)Pd(Ph)(Br): In the glovebox, a J-Young 
tube was charged with trans-[(Cy3P)Pd(Ph)(Br)]2 (4 mg, 0.0035 mmol), 2-
methylthiazole (10.4 mg, 0.105 mmol) and d8-toluene (0.5 mL) to produce 4 in 
solution.  1H NMR (400 MHz, C6D6) δ 7.50-7.44 (m, 17H), 6.91-6.87 (m, 2H), 
6.79-6.75 (m, 1H), 6.55 (d, J = 3.3 Hz, 15H), 2.26 (s, 45H), 2.17-2.15 (m, 9H), 
1.82-1.73 (m, 12H), 1.58-1.59 (m, 3H), 1.16-1.10 (m, 9H). 31P NMR {1H}  (160 



















Complex 5a, trans-(Cy3P)2Pd(Ph)(OPiv): In the glovebox, an oven-dried vial 
was charged with [(Cy3P)Pd(Ph)(OPiv)]2 1a (14 mg, 0.012 mmol), PCy3 (7.0 mg, 
0.025 mmol) and d8-toluene (0.5 mL).  The vial was capped and shaken until the 
mixture became homogenous.  Solvent was removed by hi-vac to afford a white 
solid (16 mg, 76%). 1H NMR (400 MHz, d8-toluene) δ 7.63 (d, J = 7.4 Hz, 2H), 
6.97-6.93 (m, 2H), 6.85-6.82 (m, 1H), 2.08-1.91 (m, 12H), 1.76-1.63 (m, 33H), 
1.48 (s, 9H), 1.21-1.10 (m, 21H). 13C NMR (75 MHz, d8-toluene) δ 180.8, 149.9, 
139.3, 126.9, 122.1, 40.4, 34.5, 34.4, 30.4, 30.0, 28.2, 28.1, 27.0.   31P NMR {1H}  
(160 MHz, d8-toluene, 298K) δ 18.3 ppm. 
 
Part C. Determination of KD 
 
A solution of 1a (14.1 mg, 0.0125 mmol) in toluene (0.500 mL) was prepared in a 
J-Young tube. 2-Methylthiazole (2.25 µL, 0.025 mmol) was added and the NMR 
tube was capped and shaken. 1H NMR spectra were acquired at 25 °C and 80 
°C. From the averaged 1H NMR chemical shift of the methyl protons, the mole 
fractions (!) of bound and unbound 2-methylthiazole were determined from the 
following equation: "average = !free"free + !bound"bound. From the calculated mole 













Part D. Kinetic Experiments 
D.1 Representative procedure for kinetics experiments 
[(Cy3P)Pd(Ph)(OPiv)]2 1a (11 mg, 0.01 mmol), PhBr (31 mg, 0.20 mmol), 2-
methylthiazole (40 mg, 0.40 mmol) and d8-toluene (0.40 mL) were added to an 
oven-dried vial in an argon glovebox and shaken until homogenous.  The 
homogenous mixture was transferred to a J-Young tube.  The tube was capped 
and taken out of the glovebox.  The NMR tube was inserted into the NMR probe 
preheated to 80 oC and shimmed. 31P NMR spectra were taken at fixed time 
intervals using an automated data collection program for the duration of the 
experiment.  The reaction was monitored until the starting Pd(II) pivalate 
complexes 2a and 2b were consumed to >3 half lives.  After completion of the 
run, the data was integrated and normalized to the external standard.  The 
consumption of the palladium(II) pivalate complex was plotted versus time and 
fitted to an exponential decay (indicating first order reaction kinetics); kobs was 
extracted from this plot.  Yields were determined by 1H NMR with an internal 
standard (1,3,5-trimethoxybenzene) and a 31P NMR standard (ca. 0.4 M H3PO4 in 
DMF in a sealed capillary tube). Experiments with 1b and 1c were performed 























Figure S1. Reaction profiles of 2b with 2-methylthiazole. While acetate 2b decays at a 
faster initial rate (deviating from first order kinetics) than 2a, the yield of coupled product 3 
is lower due to the fast formation of 5b upon heating of 2b in toluene with 2-
methylthiazole. Bis-phosphine species such as 5b are inactive toward C-H activation 




































































Part E.  Determination of the Resting State of the Catalyst by Examination 
of the Catalytic Reaction 
 
 
In an argon-atmosphere dry box, an oven-dried vial equipped with a Teflon-lined 
cap and stir bar was charged with 2-methylthiazole (25.0 mg, 0.25 mmol) and 
bromobenzene (59.0 mg, 0.375 mmol).  Pd(OAc)2 (2.8 mg, 0.0125 mmol), PCy3 
(5.3 mg, 0.019 mmol), PivOH (7.7 mg, 0.075 mmol) and K2CO3 (104 mg, 0.75 
mmol) were then added, along with d8-toluene (0.25 mL).  The vial was capped 
and taken out of the dry box, then placed in a pre-heated reaction block set to 
100 oC (conversion was slower for the catalytic reaction at 80 oC).  Every few 
hours, the vial was cooled to room temperature and brought into the dry box so 
that aliquots could be taken. These aliquots were analyzed by 1H and 31P NMR in 
d8-toluene to determine the resting state of the catalyst.  
 
It was observed that once reduction of the Pd(OAc)2 precatalyst was complete 
(~7 h under these conditions), only two major species could be observed by 
NMR.  The proton NMR at 15 h revealed a singlet consistent with 2a. This 
species was also observed by 31P NMR (see S35).  To verify the identity of this 
species, 1a was added to the reaction, which resulted in the growth of only the 
peak corresponding to the monomer (and no additional peak formation).  To 
verify the identity of tricyclohexylphosphine oxide, authentic 
tricyclohexylphosphine oxide (Aldrich) was added to the NMR tube, resulting in 
growth of the peak at 46 ppm.  These data confirm the presence of 2a as a 






Pd(OAc)2 (5 mol %), PCy3 (7.5 mol %)










Part F. Comparison of Complex 4 with Carbonate and Pivalate Co-catalysts 
Under Catalytic Conditions  
 
 
Part G. Synthesis and Characterization of 5-phenyl-2-methylthiazole (3) 
 
In an argon-atmosphere dry box, an oven-dried vial equipped with a Teflon-lined 
cap and stir bar was charged with 2-methylthiazole (50.0 mg, 0.5 mmol) and 
bromobenzene (120.0 mg, 0.76 mmol). 1a (14.2 mg, 0.013 mmol), PivOH (12.8 
mg, 0.013 mmol) and K2CO3 (208 mg, 1.5 mmol) were then added, along with 
toluene (0.5 mL).  The vial was capped and taken out of the dry box, then placed 
in a pre-heated reaction block set to 100 oC with stirring for 12 h. The reaction 
was cooled and diluted with ethyl acetate. The organic layer was washed with 
brine, filtered and concentrated.  The crude residue was purified by silica gel 
chromatography (20% ethyl acetate/hexanes) to afford a light yellow solid (81 




[(PCy3)Pd(Ph)(OPiv)]2 1a (2.5 mol %)










Figure S3. Comparison of the reaction catalyzed by complex 4 with and 
without a pivalate co-catalyst. General reaction conditions: 2-methylthiazole 
(1 equiv), PhBr (1.2 equiv), 4 (5 mol %), PivOH (30 mol %, where 































































5 Pivsa-Art, S.; Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Bull. Chem. Soc. Jpn. 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































C–H Arylation of Heteroarenes with Palladium-Carboxylate Catalysts: 


















 The development of phosphine ligands for metal-catalyzed tranformations 
has been a prominent area of research.1 Phosphine ligands can tune the steric 
and electronic properties of metal catalysts, affording nearly limitless ways to 
tune the reactivity and selectivity of transition metal-catalyzed transformations. 
Ligands also serve to solublize metal complexes, as well as protect the catalyst 
from deactivation from other basic ligands.2,3 In many palladium-catalyzed 
coupling reactions, breakthroughs in the development of phosphine ligands have 
led to great advances in the development of efficient and selective synthetic 
protocols.   
As with other palladium-catalyzed transformations, ligand development 
has been a focus in the design of efficient catalysts for palladium-catalyzed C–H 
activation processes with haloarene donors.4 In addition to facilitating oxidative 
addition, ligands tune the steric and electronic properties of the palladium center, 
affording different selectivities and reactivities within substrates. However, a 
relatively unexplored area of research is the effect of the steric and electronic 
properties of the phosphine ligand on the C–H metalation step of activated (e.g., 







II.1 Comparison of the Reactivity of Pt-Bu3- and PCy3-ligated Phenyl-
Palladium-OPiv/X Complexes 
 Our next study focused upon elucidating the differences between two 
common trialkylphosphine ligands, tri-t-butylphosphine and 
tricyclohexylphosphine (the ligand we chose for our studies). Both ligands are 
considered to be electron-rich as well as bulky, with Pt-Bu3 (cone angle = 182°)5 
being the larger of the two ligands. In palladium-catalyzed direct arylations of 
some heteroaromatic substrates, these two ligands often afford very different 
results in terms of reactivity toward arylation (see section II.2.A). Thus, we 
wished to study the behavior of the requisite isolated monophosphine 
palladium(II) pivalate complexes of these ligands react with heterocyclic 
substrates.  
As discussed above, dimer 1a containing tricyclohexylphosphine, when 
exposed to an excess of 2-methylthiazole, cleanly converted to complex 2a 
(Scheme 1). Heating 2a afforded the arylated product in good yield. Upon 
treatment with pyridine, complex 1a formed the heterocycle-ligated monomer 2 
as discussed in chapter 2 (Figure 1). However, when either complex was treated 
with 1 equiv of tricyclohexylphosphine, complete displacement of the heteroarene 
was seen almost immediately, affording the bis-tricyclohexylphosphine phenyl-
palladium pivalate complex (Figure 1). Pyridine and toluene did not undergo 






 In contrast, the Pt-Bu3-ligated complex 4 displayed very different reactivity 
upon exposure to heterocyclic compounds such as 2-methylthiazole and pyridine 
(Figure 2). Within an hour at room temperature upon exposure to 20 equiv of 
pyridine, 4 transformed into the cyclopalladated complex 5 almost quantitatively. 
Similar reactivity could be observed upon treatment with 2-methylthiazole, 
however the formation of 5 occurred at a considerably slower rate. Upon heating 
of 4 with an excess of 2-methylthiazole, a 2:1 mixture of the desired coupled 
product 3 and the homocoupling product 7 was formed. The only phosphorus-
containing product was the bisphosphine Pd(0) adduct 6. 







































   
 
Figure 1. Palladium(II) pivalate dimer 1a forms the heteroarene-ligated square planar 
palladium adduct 2 upon exposure to heteroarenes. Addition of 1 equiv of PCy3 



































Figure 2. A/ Treatment of 4 with pyridine results in formation of cyclopalladated 
complex at room temperature within 1 h. B/ Treatment of 4 with 2-methylthiazole 
results in slower formation of same cyclopalladated product. C/ Treatment of 4 with 2-
methylthiazole with heating results in Pd(Pt-Bu3)2 as the only phosphorus containing 



































































Bromide dimer 8, when exposed to an excess of 2-methylthiazole, gave 
the phosphine ligated, monomeric complex 9 (Figure 3). This stands in sharp 
contrast to the tri-tert-butylphosphine-ligated complex 10, which, upon treatment 
with 2-methylthiazole, generates free phosphine (Figure 3). The observed 
phosphine loss is consistent with published examples2 in which tri-t-
butylphosphine displacement was observed with heterocyclic ligands. This 
seems to suggest that published literature examples of direct arylations 
employing t-Bu3P (or similarly bulky ligands) as the ligand mostly likely proceed 
through a phosphine-free species. 
 
II.2 Reactivity of Heteroarene Substrates Under Trialkylphosphine- and 
phosphine-free Reaction Conditions 
In 2007, our group reported phosphine-free conditions in the C2 arylation 
of indoles; phosphine ligands actually inhibited the reaction.6 In 2011, the Hartwig 
group reported on the involvement of phosphine-free palladium pivalates in the 
   
 
Figure 3. Treatment of 8 with an excess of 2-methylthiazole results in the formation of 
adduct 9. 2-Methylthiazole displaces the phosphine ligand from complex 10, resulting 

























direct C–H arylation of unactivated benzene substrates (Scheme 2).7 They found 
that phosphine ligands hindered the reactivity of palladium carboxylate-based 
catalysts, and hypothesized that this is most likely due to steric interactions with 
the bulky tri-t-butylphosphine ligand. Formation of a four-coordinate palladium 
species (via coordination of the substrate) would be energetically disfavored, 
according to their DFT calculations. Indeed, benzene is a very deactivated 
substrate compared to other heteroaromatic substrates, and addition of a 
phosphine deactivates the palladium pivalate toward C–H arylation (also 
confirmed by our work in section II.1 with the lack of reactivity of 1a with toluene). 
Since trialkylphosphine ligands have commonly been used in direct arylation 
reaction, we wanted to explore which heteroaromatic substrates require a 




II.2.A Reactivity of Azole Substrates Under Trialkylphosphine- and 
Phosphine-free Reaction Conditions 
An array of azole substrates was chosen to probe the factors that 
determine whether phosphine ligands were required for efficient direct arylations 
(with Dr. Jung Min Joo and Dr. Pengfei Guo). In the case of 1,2-
dimethylimidazole, 2-methylthiazole and SEM-protected pyrazole, phosphine-free 
conditions provided similar yields to conditions employing trialkylphosphines 
(Table 1). However, in the case of 1-SEM-1,2,4-triazole, phosphine-free 
conditions afforded no product. Additionally, conditions employing the bulky 
trialkylphosphine Pt-Bu3 as the ligand (which presumably forms phosphine-free 
Scheme 2. Hartwigʼs work on the intermediacy of phosphine-free palladium 
















































catalytic intermediates through displacement of the ligand from 8, as observed in 
section II.1) provided greatly diminished yields as compared to PCy3 or P(n-
Bu)Ad2 in the arylation of SEM-protected triazole. Triazole is more electron-
deficient than the other azoles screened. Additionally, the most activated C–H 
bond at C5 is between two heteroatoms (unlike the C5 position for thiazole), 
which could greatly affect its reactivity.  
 
Table 1. Direct arylation of azoles with and without a trialkylphosphine ligand.  
 
           
 
aGeneral reaction conditions: Azole (1 equiv), bromobenzene (1.2 equiv), Pd(OAc)2 (5 
mol %), Ligand (7.5 mol %), acid (30 mol %), K2CO3 (3 equiv), toluene (1 M) at 120 °C for 













































To test whether this was due to the electron-deficiency of triazole or a 
function of the type of C–H bond undergoing arylation, the reaction with and 
without trialkylphosphine was run employing 4,5-dimethylthiazole as the 
substrate, which can only react at the C2 position. It was observed that the 
absence of PCy3 resulted in the formation of only small amounts of product, while 
the addition of PCy3 resulted in an increased yield (53% by 1H NMR). Use of 1a 
as the catalyst further increased the yield, indicating that the phosphine could 
prevent catalyst decomposition pathways (Table 2).  
 
 As described in Chapter 2 in the metalation of 2-methylthiazole, a first 
order dependency was observed both in the palladium pivalate complex and 
substrate, which is consistent with a bimolecular reaction between tetra-
coordinate, thiazole-ligated 2a and an unbound molecule of thiazole. However, 




    
aGeneral reaction conditions: 2-methylthiazole (1 equiv), bromobenzene (1.5 equiv), 
catalyst (5 mol % of Pd), acid (30 mol %), K2CO3 (3 equiv), toluene (1 M) at 100 °C for 18 











2 Pd(OAc)2/PCy3 (1:1.5) 54%








kinetic studies of 1-methyl-1,2,4-triazole showed a zero order dependency on 
substrate in the metalation of triazole (see experimental section), which indicates 
a different mechanism (see discussion below). Side products are detected in the 
phosphorus NMR with PCy3 as a ligand (Figure 4). The 31P NMR chemical shift is 
consistent with reported palladium(II) complexes that contain two PCy3 ligands or 
both a PCy3 ligand as well as an N-heterocyclic carbene (NHC) ligand.8 A similar 
phosphorus NMR was observed for the catalytic reaction employing 1a as the 
catalyst, which removes the palladium reduction step and the presence of 
phosphine-free palladium species (Figure 5). Attempts to isolate the side product 





Figure 4. Stoichiometric reaction of 1-methyl-1,2,4-triazole with complex 11. General 
reaction conditions: 11 (1 equiv), 1-methyl-1,2,4-triazole (20 equiv), bromobenzene (10 





























Figure 5. Resting state of the catalytic reaction using complex 1a as the catalyst after 4 
h. The major species were complex 11, the palladium(II) bromide 12 precursor to 11 and 
the side product observed in the stoichiometric reaction. 11 and 12 are related by a 
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One pathway that is consistent with first order kinetics in the palladium 
pivalate and zero order in substrate is a mechanism in which the palladium-
triazole complex 11 dissociates the triazole to render a tri-coordinate species 
which then reacts in a bimolecular fashion with another equivalent of free triazole 
(pathway I). Another pathway that could be operational and is consistent with the 


















































































zero order kinetics in the triazole substrate is the base-promoted ligand 
rearrangement pathway II.9 Upon deprotonation of the C–H bond at the C5 
position, the palladium migrates to C5 to generate the carbene-ligated species 
(Scheme 4). Bergman and co-workers have disclosed mechanistic studies on the 
[(PR3)2RhCl]2-catalyzed direct arylation of benzimidazole, imidazole and thiazole 
derivatives in which a similar zero-order dependency on substrate was 
observed.10 Bergman also reported that phosphine-free conditions and conditions 
employing ligands such as t-Bu3P were unsuccessful;11 the electron-rich 
phosphine is able to stabilize the NHC-ligated intermediate either sterically or 
electronically. A similar pathway could be operational for the C5 arylation of 
triazole and C2 arylation of thiazole (Scheme 3). Unhindered imidazole-derived 
NHCʼs as well as carbene ligands comprised of a thiazole scaffold are known to 
be unstable in isolation.12,13 Thus, an electron-rich phosphine that remains 
complexed to the metal center (e.g., PCy3) should stabilize the requisite 
palladium-NHC intermediates that form as a result of a base-promoted 
rearrangement of the coordinated triazole or thiazole substrate.  
 
Catalyst deactivation could also account for differences in reactivity 
between catalysts comprised of bulky electron-rich phosphines and catalysts 
Scheme 4. Possible mode of palladium carboxylate catalyst deactivation. 
 









X = S, NR
Y = N, C
 209 
without phosphine ligands. Upon the C5 arylation of triazole or C2 arylation of 
thiazole, the resulting phenyl substituted derivative could undergo C–H arylation 
as a result of the directing effect of the triazole or thiazole moiety to form a 
palladacycle that would be unreactive (Scheme 4). This pathway would be 
relatively facile with a phosphine-free palladium carboxylate species, while the 
phosphine-ligated palladium carboxylate would be expected not to be reactive 
enough to arylate the less-activated phenyl ring. 2ʼ-Arylation products have not 
been observed by 1H NMR, so this pathway is probably unlikely. Isolation of 
these catalytic species would be able to provide evidence for any of these 
scenarios; attempts to isolate intermediates such as II (Scheme 3) have thus far 
been unsuccessful. 
 
II.2.B Reactivity of Substituted Pyridine Substrates Under 
Trialkylphosphine- and Phosphine-free Reaction Conditions 
 Another class of substrates that has proved challenging in direct arylation 
reactions are functionalized pyridines. These substrates are thought to participate 
in catalyst deactivation pathways.2,3 Additionally, the C–H bonds are not very 
acidic, which contributes to their low reactivity.14 As in the previous section, an 
array of substituted pyridine derivatives was studied for reactivity toward direct 
C–H arylation with and without phosphine-based catalysts (with Dr. Jung Min Joo 
and Dr. Pengfei Guo). In the case of CN- and NO2-substituted pyridine 
derivatives, the phosphine ligand was required for the formation of arylation 
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products (albeit in low yields). In the case of F- and CF3-substituted pyridines, it 
was found that similar yields were obtained with and without the trialkylphosphine 





 In the stoichiometric reactions of complex 1a with pyridine derivatives, 
large amounts of side products were observed in the arylation of 3-nitro and 4-
cyanopyridine. In contrast, fewer side products were observed in the reaction of 
Table 3. Direct arylation of pyridines with and without a trialkylphosphine ligand.  
 
 
        
 
aGeneral reaction conditions: Pyridine (1 equiv), bromobenzene (1.2 equiv), Pd(OAc)2 (5 
mol %), Ligand (7.5 mol %), acid (30 mol %), K2CO3 (3 equiv), toluene (1 M) at 120 °C for 
18 h. bYields were determined by 1H NMR. With Dr. Pengfei Guo and Dr. Jung Min Joo. 
 
aGeneral reaction conditions: 2-methylthiazole (1 equiv), bromobenzene (1.5 equiv), 
Pd(OAc)2 (5 mol %), PCy3 (7.5 mol %), acid (30 mol %), K2CO3 (3 equiv), toluene (1 M) at 






























































1a with 3-fluoro and 3-trifluoromethylpyridine. However, this is most likely due to 
lower conversions and comparative stability of the intermediate palladium(II) 
pivalate complexes. It appears that in the case of 3-nitro and 4-cyanopyridine, the 
side products begin to form at higher conversions of the heterocycle-bound 
palladium(II) pivalate species. 4-Cyanopyridine was selected for further studies 
due to its relatively high reactivity toward C–H arylation.  
 
In the stoichiometric arylation of 4-cyanopyridine, a side product at 31.4 
ppm (31P NMR) was only observed at higher conversions of the palladium(II) 
 
Figure 6. Stoichiometric reaction of 4-cyanopyridine with complex 13 after 2.5 h. General 
reaction conditions: 13 (1 equiv), 4-cyanopyridine (20 equiv), bromobenzene (10 equiv), 



























pivalate complex 13 and only in the presence of trapping reagent (PhBr) (Figure 
6). Without the trapping reagent, only the pyridine-bound palladium(II) pivalate 
complex 13 and Pd(PCy3)2 (! = 39.7) were observed. When the 31P NMR of the 
catalytic reaction was observed at various time points, a peak possibly 
corresponding to the same side product was observed. After 5 h, the 
palladium(II) pivalate species was no longer the major species in the NMR, 
indicating almost complete deactivation of the catalyst after a relatively short 





Figure 7. 31P NMR spectrum of the catalytic reaction after 2 h. The major species 









Pd(OAc)2 (5 mol %)
PCy3 (7.5 mol %)










The 31P NMR chemical shift of the side product is consistent with literature 
reports of a cationic bis-PCy3 ligated palladium(II) species (Figure 9A).15 One 
possible pathway for the formation of such a product from 1a is the following: 
upon oxidative addition to the trapping reagent (PhBr), further displacement of 
the bromide ligand can occur, leading to substitution of the palladium center with 
pyridine ligands (Figure 9B). Such a complex would be expected to be inactive 
toward further arylation reactions. Bulky phosphines such as PCy3 can protect 
the palladium(II) center against this displacement. Under phosphine-free 
 
 
Figure 8. 31P NMR of the catalytic reaction using complex 1a as the catalyst after 5 h. 
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conditions, the displacement of the bromide could be even more facile, which 
could explain why the reaction is not efficient without a phosphine ligand (Figure 
9C). Another explanation could be that the electron-deficient heteroarene is able 






          
 
Figure 9. A/ Proposed structure of side product 21 at 31.4 ppm (31P NMR). B/ 
Displacement of phosphine from L1Pd(0) intermediate by an electron-poor pyridine 
derivative. C/ Formation of side-product 21. D/ Formation of pyridine-ligated cationic 






































30-32 ppm (electron-deficient ligand)
20-23 ppm (electron-rich ligand)
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III. Conclusions and Future Work 
In conclusion, the phosphine ligand is generally deactivating in a CMD 
metalation pathway; phosphine-free species are far more reactive toward 
metalation, as demonstrated in the arylation of indole derivatives by the Sames6 
group and benzene derivatives by the Hartwig group.7 Indeed, phosphine-free 
conditions are successful in the arylation of a wide variety of electron-rich 
heterocycles such as indoles, imidazole or thiazole. However, for the arylation of 
electron-deficient pyridine derivatives (e.g., 4-cyanopyridine) or C–H bonds that 
are adjacent to two heteroatoms (e.g., the C2 positions of triazole or thiazole), a 
phosphine ligand is required for efficient arylation. In the case of pyridines that 
are not only basic, but also contain C–H bonds of low acidity, a phosphine ligand 
is required to protect the catalyst from deactivation. More thorough kinetic and 
structural studies will have to be carried out for a more concrete picture of the 
mechanism of C–H metalation of the C5 position of triazole and C2 position of 
thiazole. 
A major issue to be addressed in the arylation of particularly challenging 
substrates (e.g., substrates that are not only very Lewis basic, but also have C–H 
bonds with high pKas) is the problem of catalyst stability; in designing an efficient 
direct arylation protocol, one must balance the effect of the phosphine ligand in 
lowering the reactivity of the catalyst toward C–H metalation while protecting the 
catalyst for extended reaction times (which often also occur at higher 
temperatures, increasing the likelihood of catalyst deactivation).  
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Additionally when selecting a phosphine ligand, one must also consider 
possible modes of catalyst deactivation (e.g., displacement by the substrate, as 
in the case of the very bulky Pt-Bu3 ligand) by heteroaromatic substrates. While 
for some activated heteroarene substrates (e.g., thiazole and imidazole) ligand 
displacement does not affect catalyst efficiency, for other substrates, selection of 
a proper phosphine ligand is absolutely crucial (e.g., triazole and electron-
withdrawing group-substituted pyridine derivatives).  
In the case of 1-methyl-1,2,4-triazole and related substrates with a 
reactive C–H bond in between two heteroatoms, stabilization of the intermediate 
palladium-NHC intermediates could be crucial. Stabilization could be achieved 
through selection of the appropriate bulky trialkylphosphine ligand that will remain 
complexed to the palladium center, while still being bulky and electron-rich 
enough to stabilize catalytic intermediates. There seems to be a functional size 
range for trialkylphosphines—if the phosphine ligand is too bulky, displacement 
of the ligand will occur upon exposure to a heteroarene substrate. If the ligand is 
too small or not electron-rich enough, stabilization of the palladium-NHC 
intermediates (or other catalytic intermediates) cannot be achieved. If the 
decreased catalytic efficiency of phosphine-free palladium carboxylate catalysts 
is due to palladacycle formation (described in Scheme 4), then proper selection 
of a bulky phosphine ligand is crucial to tune the reactivity of the palladium 
carboxylate so that this catalyst deactivation pathway is not available. 
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Catalyst stability is also crucial in the arylation of pyridine derivatives, 
however the problem of reactivity of the catalyst toward C–H arylation also 
becomes an issue. As observed in this chapter with 4-cyanopyridine, even with 
PCy3 as a ligand, palladium(II) pivalate complexes are prone to decomposition 
even in the first turnover. However, we have not yet isolated these side products 
and determined their catalytic activity. Thus, despite evidence that phosphine-
free palladium(II) carboxylates are more activated toward C–H metalation, the 
problem of catalyst deactivation is an even more important obstacle in the design 
of efficient arylation catalysts for pyridine substrates.  
For pyridine arylation, the major challenge is creating stable palladium 
catalysts that are also not too deactivated toward C–H arylation. Our group has 
circumvented some of these issues through the design of the proper catalyst 
system to minimize catalyst decomposition while still preserving the reactivity of 
the palladium carboxylate species. We have found that employing the right 
phosphine ligand as well as a bulky carboxylate (for stabilization of the catalyst) 
afforded a catalyst system that efficiently arylated a variety of electron-deficient 
pyridines (e.g., nitro- or fluoropyridines) using Ag2CO3 as a Lewis acid (which 
increases the acidity of pyridine C–H bonds).16 The mechanistic studies 
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V. Experimental Section 
Part A. General Considerations 
All manipulations were conducted in an argon-atmosphere dry box, unless 
otherwise noted.  Nuclear Magnetic Resonance spectra were recorded on a 400 
Fourier transform NMR spectrometer.  Proton chemical shifts are expressed in 
parts per million (ppm, δ scale) and are referenced to residual protium in the 
NMR solvent (CD2Cl2, δ 5.32, CDCl3, δ 7.26  or d8-toluene, δ 2.09).  Data for 1H 
NMR are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, m = multiplet and/or multiple resonances, br = broad), 
coupling constant (J) in Hertz, and integration.  Carbon chemical shifts are 
expressed in parts per million (ppm, δ scale) and are referenced to the carbon 
resonance of the NMR solvent (CD2Cl2, δ 54.0 or d8-toluene, δ 137.9).  
Phosphorus chemical shifts are expressed in parts per million (ppm, δ scale) and 
are referenced to the resonance of H3PO4 (δ 0.0).  All reagents were obtained 
from commercial sources, stored in the glovebox and used without further 
purification. (tBu3P)Pd(Ph)(Br)1 and (tBu3P)Pd(Ph)(OPiv),2 were synthesized 
according to literature procedures. [(Cy3P)Pd(Ph)(OPiv)]2 was synthesized as 
described in Chapter 2. (Cy3P)2Pd(Ph)(OPiv) was characterized in the 
experimental section of Chapter 2. 
 
Part B. General Procedure for Catalytic Reactions in Table 1, Table 2 and 
Table 3 
 
In an argon-atmosphere dry box, an oven-dried vial equipped with a Teflon-lined 
cap and stir bar was charged with heteroarene (0.5 mmol) and bromobenzene 
(0.75 mmol). Pd(OAc)2 (5.6 mg, 0.025 mmol), PCy3 (14 mg, 0.038 mmol), PivOH !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Stambuli, J. P.; Bu ̈hl, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 9346. 
2 Tan, Y.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 3308. 
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(15.3 mg, 0.15 mmol) and K2CO3 (208 mg, 1.5 mmol) were then added, along 
with toluene (0.5 mL).  The vial was capped and taken out of the dry box, then 
placed in a pre-heated reaction block set to 100 oC (or whichever temperature is 
indicated in the text) with stirring for 16-22 h. Yields were determined by 1H NMR 
using 1,1,2,2-tetrachloroethylene as the standard. 
 
Part C. Kinetic Experiments 
C.1 Representative procedure for kinetics experiments 
[(Cy3P)Pd(Ph)(OPiv)]2 1a (13.7 mg, 0.0125 mmol), PhBr (39 mg, 0.25 mmol), 1-
methyl-1,2,4-triazole (40 mg, 0.50 mmol) and d8-toluene (0.50 mL) were added to 
an oven-dried vial in an argon glovebox and shaken until homogenous.  The 
homogenous mixture was transferred to a J-Young tube.  The tube was capped 
and taken out of the glovebox.  The NMR tube was inserted into the NMR probe 
preheated to 90 oC and shimmed. 31P NMR spectra were taken at fixed time 
intervals using an automated data collection program for the duration of the 
experiment. After completion of the run, the data was integrated and normalized 
to the external standard.  The consumption of the palladium(II) pivalate complex 
was plotted versus time and fitted to an exponential decay (indicating first order 
reaction kinetics); kobs was extracted from this plot.  Yields were determined by 
1H NMR with an internal standard (1,3,5-trimethoxybenzene) and a 31P NMR 
























Figure 1. Stoichiometric reaction of 1-methyl-1,2,4-triazole with complex 11. General 
reaction conditions: 11 (1 equiv), 1-methyl-1,2,4-triazole (13-40 equiv), bromobenzene 
(10 equiv), and d8-toluene (0.05 M). 
PhBr (10 equiv)







































C–H Arylation of Heteroarenes with Palladium-Carboxylate Catalysts: 




















Continuing in our goal to elucidate the different features of the 
palladium(II) carboxylate catalyst that affect efficient C–H arylation, we next 
studied the physicochemical properties of heteroaromatic substrates and their 
effect on the C–H metalation step of direct arylations. Different classes of 
heteroaromatic substrates will vary widely in their properties such as degree of 
aromaticity, Lewis basicity and C–H bond acidity. Being able to derive 
quantitative correlations of the effects of these properties on C–H bond 
metalation will drive innovation in the design of more efficient direct arylation 
catalysts. Thus, we sought to measure the rates of metalation of different types of 
heterocycles using a single metal complex under identical conditions in order to 
isolate the effects of arene properties on C–H metalation. 
Many palladium-catalyzed direct arylation reactions are known to be highly 
substrate-dependent with regard to selection of the proper palladium/phosphine 
catalysts.1 Specifically, heteroarene substrates are known to be particularly 
problematic in this way due to the inherent differences in Lewis basicity, 
aromaticity and C–H bond acidities. Oftentimes, reaction conditions must be re-
optimized depending on the class of substrates for improvements in reactivity 
and selectivity, which is often a function of the properties of the individual C–H 
bonds in each heteroarene.  
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Moreover, the interaction of Lewis basic substrates with palladium 
catalysts has been an important consideration in catalyst design, specifically in 
minimizing catalyst decomposition. It has been demonstrated that certain Lewis 
basic substrates are capable of displacing even strongly sigma-donating 
phosphine ligands such as tri-tert-butylphosphine.2 This observation has led to 
the development of bulky mono-3 and bis-phosphine2a ligands that are thought to 
be better able to protect the catalyst from decomposition pathways. As was 
discussed in chapter 3, this displacement is not observed with 
tricyclohexylphosphine, which is in contrast to P(t-Bu)3 and P(o-Tol)3. PCy3 
remains complexed to the palladium(II) carboxylate and bromide complexes and 
even in the presence of a large excess of heteroaromatic substrates. 
 Despite the general belief (bolstered with anecdotal evidence) that Lewis 
basic substrates are problematic for some palladium catalyst systems, the effect 
of these interactions on the metalation step in direct arylation reactions had been 
relatively unexplored and certainly not quantified. Additionally, the effect of the 
properties of substrates such as aromaticity and C–H bond acidity on metalation 
rates have not been quantified. Thus, in this part of the project, we sought to 
elucidate the factors that affect C–H activation by correlating rates of metalation 






II.1. Measurement of Initial Rates of the Metalation of Azole and Pyridine 
Derivatives 
 In order to provide a quantitative measure of the effects of the properties 
of heterocyclic substrates on C–H bond metalation, we first collected rate data in 
the arylation of various azole and pyridine derivatives with complex 1a. Unlike in 
the arylation of 2-methylthiazole, in which the decay of 2a as well as the 
formation of 4 could be monitored, the peak separation of the heterocycle-ligated 
Pd(II) pivalate complex and the corresponding Pd(II) bromide complex was not 
sufficient for accurate integrations at higher conversions. Thus, a trapping agent 
(PhBr) was not used in the rate measurements of the azole compounds. Initial 
rates were also measured for pyridines as well due to the more complex product 




 2-Methylthiazole displayed the fastest initial rates of metalation at the C5 
position. 1-methyl-1,2,4 triazole was considerably slower, as well as 1-methyl 
pyrazole. 1,2-dimethyl imidazole exhibited the slowest rates of C5 metalation 
(Figure 1). Rate data for 3- and 4-substituted pyridine derivatives were also 
collected, with 4-cyanopyridine showing the fastest rate of arylation, followed by 
3-nitro- and 3-cyanopyridine. 3-fluoro- and 3-trifluoromethylpyridine displayed the 
slowest rates of metalation at 90 ºC, while pyridine was practically unreactive 
during 2.5 h of heating (Figure 2). We then attempted to correlate this rate data 
          
 
Figure 1. Initial rates of the metalation of azoles. Reaction conditions: 
(Cy3P)Pd(Ph)OPiv(Het) (1 equiv), azole (20 equiv) in d8-toluene (0.05 M). Initial rates are 





































with experimental and calculated properties of each azole and pyridine derivative 







          
 
 
Figure 2. Initial rates of the metalation of pyridines. Reaction conditions: 
(Cy3P)Pd(Ph)OPiv(Het)  (1 equiv), pyridine (20 equiv), PhBr (10 equiv) in d8-toluene 



































II.2. Correlation of C–H Metalation with Aromaticity Indices 
 One property of heteroaromatic substrates that could affect rates of 
metalation is the degree of aromaticity. Depending on the electronic character of 
the transition state in the metalation step, aromaticity could play a large role in 
the efficiency of the slow metalation step in palladium carboxylate-catalyzed 
direct arylation reactions. For a Concerted Metalation-Deprotonation (CMD) 
mechanism, the degree of aromaticity might not be a large factor in the efficiency 
of direct arylations. However, for a more electrophilic-type transition state as in 
the proposed stepwise Electrophilic Metalation-Deprotonation (EMD) mechanism, 
the degree of aromaticity could be a factor in efficient direct arylation reactions. 
 
Although the concept of aromaticity is essential to the understanding of the 
reactivities of heterocyclic and carbocyclic compounds, there is no general, well-
accepted quantitative measure of aromaticity.4 Various experimental (NMR 
chemical shifts) and calculated (resonance energies, aromatic stabilization 
energies, etc.) measures have been put forth as ways to discuss the relative 
Scheme 2. Proposed CMD and EMD mechanisms of Pd(II) carboxylate-assisted C–H 
bond metalation. 
 




































aromaticities of aromatic compounds, however these indices (structural, 
energetic and magnetic) generally are not consistent in describing the degree of 
aromaticity among different classes of arenes; in fact, often magnetic (Nucleus-
Independent Chemical Shifts) and classical (Aromatic Stabilization Energy, 
Harmonic Oscillator Model of Aromaticity, etc.) aromaticity are considered to be 
orthogonal. As a result, these different indices are often not consistent with each 
other in quantifying the degrees of aromaticity in heterocycles and carbocycles; 
as described below, each measure of classical or magnetic aromaticity generates 
a different ordering of azole substrates in terms of relative aromaticity. However, 
these indices do well at classifying molecules as aromatic, non-aromatic and anti-
aromatic.  
 One quantitative index of magnetic aromaticity that has been developed in 
recent years is the Nucleus Independent Chemical Shift (NICS).  The NICS is a 
calculation of the absolute magnetic shielding at the center of or above the ring 
system of a heterocyclic or carbocylic compound.5 Aromatic values are 
represented by negative values of NICS, while positive values are indicative of 
anti-aromaticity.  In general, for NICS values, nitrogens within a ring increase the 
aromaticity of the ring. One drawback is that these values depend on the size of 




 For the series of azole substrates we selected for analysis according to 
the NICS measure of magnetic aromaticity, pyrazole is the most aromatic, 
followed by triazole, thiazole and imidazole. As displayed in Figure 3, the rates of 
metalation of azoles appear to be fairly insensitive to the degree of magnetic 
aromaticity, as represented by the NICS. According to the NICS, imidazole is the 
least aromatic of this series of azoles, while triazole and pyrazole are the most 
aromatic, yet there is little difference in the rates of metalation.  
 A classical measure of aromaticity is the Harmonic Oscillator Model of 
Aromaticity (HOMA), which is a geometry-based index of aromaticity. The value 




   
 
 
Figure 3. Correlation of the Nucleus Independent Chemical Shift, a measure of magnetic 


























optimal value of a fully aromatic system. For this quantification of aromaticity, 
triazole is predicted to be most aromatic, followed by pyrazole, imidazole and 
thiazole. Little correlation between metalation rates and the HOMA was observed 
(Figure 4). According to HOMA values, thiazole and imidazole have similar 
degrees of aromaticity, yet the rates of metalation are drastically different. 
 
 
An energetic index of aromaticity is the aromatic stabilization energy 
(ASE), which quantifies the stability of aromatic compounds relative to localized 
bond structures.4a,6 In this measure of aromaticity, pyrazole is calculated to be 




   
 
 
Figure 4. Correlation of the HOMA, a geometric measure of classical aromaticity, with ln(ki) 
























magnetic index of aromaticity, no correlation between the aromatic stabilization 
energy and metalation rates of azoles was observed (Figure 5). Similar measures 




II.3. Correlation of C–H Metalation with C–H Bond Acidity 
Finally, another property of aromatic substrates thought to be an important 
factor in the efficiency of C–H bond arylations is the acidity of the C–H bond in a 
substrate. Other groups have performed competition experiments that seem to 




   
 
Figure 5. Correlation of the Aromatic Stabilization Energy (ASE), a measure of classical 

























However no data on the effect of C–H bond acidity specifically on the rates of 
metalation has been available. Thus, using the rate data obtained in section II.1, 
a correlation was drawn between the pKa8 of the most acidic bond in an array of 




With the exception of triazole, which displayed a different kinetic profile 
(zero order in substrate based on preliminary studies, suggesting a different 



































ln(ki) vs Calculated pKa!
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calculated pKa and measured metalation rates (Figure 6). This observation is 
consistent with other groupsʼ data that correlates the efficiency of the overall 
palladium carboxylate-catalyzed direct C–H arylations with C–H bond acidity.7 




We attempted to study the metalation of different classes of pyridine and 
azine substrates for which the pKas have already been determined (via 
calculations).8 However, none of the substrates produced product when heated 
with our complex in d8-toluene (Scheme 3), which is consistent with the low 





Scheme 3. Study of the C–H metalation of azines. 
 
         
 
 















d8-toluene (0.05 M = [Pd])
90-100 °C










III. Conclusions and Future Directions 
 In conclusion, we have probed the effect of some physicochemical 
properties of azoles and pyridines on the C–H metalation step. Little correlation 
was observed between metalation rates and aromaticity indices (NICS, HOMA 
and ASE). A qualitative correlation was observed with calculated pKa values and 
metalation initial rates of 1,2- and 1,3- azoles. We can conclude that the pKa of 
the C–H bonds in heteroaromatic compounds play a large role in determining 
their reactivity toward C–H arylation. However, as discussed in Chapter 3, the 
Lewis basic interactions between the catalyst and the substrates cannot be 
discounted, as these substrates probably still play a large role in catalyst 
deactivation through other catalytic intermediates (e.g., the intermediate 
palladium(II) bromide or the LnPd(0) species).  
 For more reactive substrates (e.g., thiazoles and imidazoles), the high 
reactivity is best rationalized by the relatively low pKa of the relevant C–H bonds 
(the C5 position for 1,2- and 1,3-azoles). For these systems, the Cy3P-ligated 
palladium carboxylate system is sufficiently reactive and efficient at C–H 
metalation and, ultimately, C–H arylation. The presence of the phosphine is 
important for stabilization of the catalyst for a broad spectrum of functional 
groups. We demonstrated that bulkier carboxylates do not provide faster rates of 
metalation, but instead play the crucial role of stabilizing the catalyst against 
formation of bisphosphine-palladium species, which are catalytically inactive; we 
established that the bulkiness and stability of the catalyst, not basicity and C–H 
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metalation rates, is responsible for the superiority of pivalate co-catalysts over 
acetate co-catalysts.  
Triazole is an interesting case because its most reactive C–H bond is 
different from other azole substrates, which is also supported by the correlation 
data between calculated pKa and C–H metalation rates; the C–H metalation 
occurs between two nitrogens (at the C5 position). We have shown that triazole 
arylation possibly proceeds via a mechanism that is distinct from the one for the 
C5-arylation of 1,2- and 1,3-azoles (Chapter 3). Importantly, for this substrate, 
the phosphine ligand is required.  
 
For less reactive, basic substrates such as pyridines, phosphine-free 
protocols are ineffective, despite the supposed higher reactivity of the phosphine-
free palladium carboxylate catalytic intermediate. However, a trialkylphosphine-
palladium catalyst system is not very effective, either, because the phosphine 
decreases the reactivity of the palladium carboxylate system toward C–H 
metalation. To overcome the lack of reactivity, we found that with lowering the 
pKa of C–H bonds in pyridines by using synthetically important electron-
withdrawing groups and by employing Ag2CO3 as a Lewis Acid, the 
Scheme 4. Substrate modification for the efficient direct arylation of pyridines with 
haloarene donors. 
 















trialkylphosphine-palladium carboxylate catalyst system is capable of C–H 
metalation with high regioselectivity (Scheme 4).9 For these functionalized 
pyridine substrates, the use of the bulky trialkylphosphine Pn-Bu(Ad)2 and a 
bulky carboxylate ligand was essential to minimize catalyst decomposition for 
extended reaction times at higher temperatures. However, for azine substrates in 
general, there is no solution at the present time based on a Pd-carboxylate 
system. Despite certain limitations, R3P-Pd-carboxylate systems display a 
remarkable substrate scope, and this work has provided crucial insight into the 
mechanism and has assisted in the development of a new method for C–H 
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V. Experimental Section 
Part A. General Considerations 
All manipulations were conducted in an argon-atmosphere dry box, unless 
otherwise noted.  Nuclear Magnetic Resonance spectra were recorded on a 400 
Fourier transform NMR spectrometer.  Proton chemical shifts are expressed in 
parts per million (ppm, ! scale) and are referenced to residual protium in the 
NMR solvent (CD2Cl2, ! 5.32, CDCl3, ! 7.26 or d8-toluene, ! 2.09).  Data for 1H 
NMR are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, m = multiplet and/or multiple resonances, br = broad), 
coupling constant (J) in Hertz, and integration.  Carbon chemical shifts are 
expressed in parts per million (ppm, δ scale) and are referenced to the carbon 
resonance of the NMR solvent (CD2Cl2, ! 54.0 or d8-toluene, ! 137.9).  
Phosphorus chemical shifts are expressed in parts per million (ppm, ! scale) and 
are referenced to the resonance of H3PO4 (! 0.0).  All reagents were obtained 
from commercial sources, stored in the glovebox and used without further 
purification. [(Cy3P)Pd(Ph)(OH)]2, and [(Cy3P)Pd(Ph)(OPiv)]2 1a were 
synthesized as described in Chapter 1.  
 
Part B. Kinetics Experiments 
 [(Cy3P)Pd(Ph)(OPiv)]2 1a (13.7 mg, 0.0125 mmol), PhBr (39 mg, 0.25 mmol, 
where indicated), the appropriate azole or pyridine (0.50 mmol) and d8-toluene 
(0.50 mL) were added to an oven-dried vial in an argon glovebox and shaken 
until homogenous.  The homogenous mixture was transferred to a J-Young tube.  
The tube was capped and taken out of the glovebox.  The NMR tube was 
inserted into the NMR probe preheated to 80 or 90 oC (indicated in each chart) 
and shimmed. 31P NMR spectra were taken every 3 minutes using an automated 
data collection program. After completion of the run, the data was integrated and 
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normalized to the external standard.  The consumption of the palladium(II) 
pivalate complex was plotted versus time; ki was extracted from this plot.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
